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The field of nucleophilic phosphine catalysis has advanced rapidly in the past 
decade. Owing to the unique properties of organophosphine compounds as 
organocatalysts, a number of novel transformations have been discovered, providing 
access to various useful synthetic building blocks. Meanwhile, significant progress 
has also been made in the development of chiral phosphines. This thesis describes the 
development of novel amino acid-derived multifunctional phosphines for several 
enantioselective organic reactions, including aza-MoritaBaylisHillman (MBH) 
reaction, [3+2] and [4+2] annulation reactions, asymmetric allylic alkylations, and 
Michael addition. 
Chapter 1 gave a brief introduction to Lewis base catalysis employing tertiary 
phosphines and relevant applications in a wide range of organic transformations. An 
evaluation of the current status of the chiral phosphine catalysts and their applications 
in asymmetric synthesis was subsequently presented with selected examples 
illustrating the state of the art in this research field. 
Chapter 2 described a highly enantioselective aza-MBH reaction of acrylates 
with aldehyde-derived sulfonyl imines using L-threonine-based bifunctional 
phosphinesulfonamide catalysts. Computational studies were carried out to elucidate 
the roles of different functional groups of the catalyst on the observed 
enantioselectivity. 
Chapter 3 disclosed the first asymmetric [3+2] annulation using MBH carbonates 
as C3-synthons. In the presence of L-threonine-based bifunctional phosphine-thiourea 
catalysts, the cyclization reaction between 2-(2-oxoindolin-3-ylidene)malononitriles 
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and MBH carbonates afforded optically enriched 3-spirocyclopentene-2-oxindoles 
containing two contiguous quaternary centers adjacent to a tertiary chiral center. 
Chapter 4 further studied the utilization of MBH carbonates as C3-synthons in 
the highly enantioselective [3+2] annulation with maleimides catalyzed by dipeptide-
based chiral phosphines. With 5 mol% of an L-threonine-L-valine-derived 
bifunctional phosphine under mild reaction conditions, biologically significant 
bicyclic imides were isolated in excellent yields and with high diastereoselectivities 
and perfect enantiopurities (≥98% ee for most cases).  
Chapter 5 presented the first highly enantioselective [4+2] annulation of 
activated alkenes with -substituted allenoates catalyzed by amino acid-based 
bifunctional phosphines, which provided an easy access to optically enriched 
functionalized cyclohexenes. In particular, 3-spirocyclohexene-2-oxindoles were 
prepared in high yields and with excellent enantioselectivities. 
Chapter 6 documented the first highly regiodivergent synthesis of biologically 
active chiral 3,3-disubstituted phthalides using MBH carbonates as asymmetric allylic 
alkylation partners. It was demonstrated that proper selection of bifunctional chiral 
phosphines or multifunctional tertiary amine-thioureas under appropriate reaction 
conditions would differentiate an SN2’SN2’ pathway and an additionelimination 
process, yielding different regioisomers of the allylic alkylation products in a highly 
enantiomerically pure form. 
Chapter 7 showed the first asymmetric Michael addition of 3-substituted 
oxindoles to methyl vinyl ketone catalyzed by amino acid-derived bifunctional 
phosphines, furnishing biologically important chiral 3,3-disubstituted oxindoles in 
high yields. The chirality of the Michael adducts is induced via asymmetric catalyst-
substrate counterions assisted by cooperative H-bonding interactions. 
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Chapter 8 described the first tertiary amine catalyzed enantioselective MBH 
reaction of isatins with acrylates. Optically enriched 3-substituted-3-hydroxy-2-
oxindoles were delivered in good yields and with excellent enantioselectivities. It was 
found that the C6’-OH group of -isocupreidine (-ICD) facilitates the key proton 
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Chapter 1 Lewis Base Catalysis Employing 
Nucleophilic Phosphines
 
This Chapter gave a brief introduction to Lewis base catalysis employing tertiary phosphines. In particular, typical 
phosphine-catalyzed reactions were summarized, including the MBH reaction and its aza-counterpart, various kinds 
of annulation reactions with allenoates and alkynoates, allylic substitutions and cycloadditions with MBH adducts, 
-additions and Michael additions, as well as acylation reactions and kinetic resolution of alcohols. Next, an 
evaluation of the current status of the chiral phosphine catalysts and their application in asymmetric synthesis was 
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1.1 Lewis Base Catalysis and Nucleophilic Phosphine Catalysis 
Lewis base catalysis refers to the process that an electron pair donor increases 
the rate of a given chemical reaction by interacting with an acceptor atom in one of 
the reagents or substrates. The binding event may lead to an enhancement of either the 
electrophilic or nucleophilic properties of the bound species.1 This broad definition 
accommodates a divergent range of reactivity patterns induced by Lewis base 
catalysts. In particular, nucleophilic catalysis presents one of the most influential 
effects of the binding of a Lewis base, which will result in an increase in electron 
density of the newly formed adduct. Therefore, it is valid to regard Lewis base 
catalysis simply as nucleophilic catalysis to a large extent. The research on Lewis 
base catalysis is an active and dynamic area of interest for synthetic chemists 
throughout the history, and amine catalysts play dominating roles in this specific field. 
Numerous amine-based Lewis base catalysts have been reported and employed in a 
wide array of organic transformations. Examples of these catalysts include pyridines, 
4-dimethylaminopyridine (DMAP), 2 N-heterocyclic carbenes (NHCs), 3  naturally 
occurring alkaloids,4 amino acids,5 as well as synthetic amines.6  
On the other hand, trivalent phosphines represent a significant class of 
nucleophilic compounds which are complementary to those classic amine-based 
                                                              
1 Denmark, S. and L. Beutner, G. L. Angew. Chem. Int. Ed. 2008, 47, 1560. 
2 (a) Murugan, R.; Scriven, E. F. V. Aldrichim. Acta 2003, 36, 21. (b) Fu, G. C. Acc. Chem. Res. 2004, 37, 542. (c) 
Spivey, A. C. and Arseniyadis, S. Angew. Chem. Int. Ed. 2004, 43, 5436. (d) Baidya, M.; Kobayashi, S.; Brotzel, F.; 
Schmidhammer, U.; Riedle, E. and Mayr, H. Angew. Chem. Int. Ed. 2007, 46, 6176. (e) Wurz, R. P. Chem. Rev. 
2007, 107, 5570. 
3 (a) Enders, D. Niemeier, O. and Henseler, A. Chem. Rev. 2007, 107, 5606. (b) Patil, N. T. Angew. Chem. Int. Ed. 
2011, 50, 1759. (c) Cohen D. T. and Scheidt, K. A. Chem. Sci. 2012, 3, 53. (d) Grossmann A. and Enders, D. 
Angew. Chem. Int. Ed. 2012, 51, 314. (e) Bugaut, X. and Glorius, F. Chem. Soc. Rev. 2012, 41, 3511. 
4 France, S.; Guerin, D. J.; Miller, S. J. and Lectka T. Chem. Rev. 2003, 103, 2985. 
5 Movassaghi M. and Jacobsen, E. N. Science 2002, 298, 1904. 
6 (a) Mukherjee, S.; Yang, J. W.; Hoffmann, S. and List, B. Chem. Rev. 2007, 107, 5471. (b) Erkkila, A.; Majander, I. 
and Pihko, P. M. Chem. Rev. 2007, 107, 5416. 
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Lewis base catalysts. Historically, organophosphorus compounds have seen wide 
applications in organic synthesis in the past century, as exemplified in the Wittig 
reaction, Mitsunobu and Staudinger reactions and their uses as important ligands in 
transition metal mediated transformations.7 In contrast, the catalytic use of only 
nucleophilic phosphines as the catalyst did not draw much attention until the 
mid-1990s, when the breakthroughs in the applications of phosphines in asymmetric 
synthesis were made.8  
Similar to tertiary amines, the nucleophilic nature of trivalent phosphines is 
attributed to the lone pair of electrons, which may form new bonds by addition to a 
variety of electrophilic species. However, a unique structural feature of tertiary 
phosphines lies in their relatively stable configuration, which is different from the 
rapid configurational inversion of amines with a similar pyramidal structure. Thus, 
acyclic phosphines retain chirality at phosphorus at room temperature. Moreover, 
phosphines are generally less basic and more nucleophilic than similarly substituted 
amines, which is responsible for their distinctive catalytic behaviors. The 
nucleophilicity of phosphine may be modified by varying the substituents on the 
phosphorus atom via steric and electronic modulation. Nucleophilicity is the strongest 
for the trialkylphosphines and decreases with the aryl substitution.  
The following sections of this Chapter will provide a summary for typical 
                                                             
7 (a) Quin, L. D.; A Guide to Organophosphorus Chemistry, Wiley, New York, 2000. (b) Valentine, D. H. and 
Hillhouse, J. H. Synthesis 2003, 317. 
8 For leading reviews, see: (a) Lu, X.; Zhang, C.; Xu, Z. Acc. Chem. Res. 2001, 34, 535. (b) Methot, J. L.; Roush, W. 
R. Adv. Synth. Catal. 2004, 346, 1035. (c) Ye, L.-W.; Zhou, J.; Tang, Y. Chem. Soc. Rev. 2008, 37, 1140. (d) Kwong, 
C. K.-W.; Fu, M. Y.; Lam, C. S.-L.; Toy, P. H. Synthesis 2008, 2307. (e) Cowen, B. J.; Miller, S. J. Chem. Soc. Rev. 
2009, 38, 3102. (f) Marinetti, A.; Voituriez, A. Synlett 2010, 174. (g) Wang, S.-X.; Han, X.; Zhong, F.; Wang, Y.; Lu, 
Y. Synlett 2011, 2766. (h) Q.-Y. Zhao, Z. Lian, Y. Wei, M. Shi, Chem. Commun. 2012, 48, 1724. 
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phosphine-catalyzed reactions, including the MoritaBaylisHillman Reaction (MBH) 
and its aza-counterpart, various kinds of annulation reactions with allenoates and 
alkynoates, allylic substitutions and cycloadditions with MBH adducts, -additions 
and Michael additions, as well as acylation reactions and kinetic resolution of 
alcohols. Focuses will be given to chiral phosphines and their application in 
asymmetric reactions. Early applications of phosphine catalysis, such as 
phosphine-catalyzed isomerization reaction of electron-deficient C-C triple bond to 
dienones,9a,b Rauhut-Currier reactions9c,d will not be covered here due to the absence 
of charility for the corresponding products.  
 
1.2 Phosphine-catalyzed Organic Reactions 
1.2.1 The MBH Reaction and Its Aza-Counterpart 
The carboncarbon bonds forming reactions leading to products with hydroxyl 
and amino functionalities are the most fundamental transformations in synthetic 
organic chemistry. Considerations of atom economy and selectivities for an organic 
process, as well as development of a catalytic version of a given reaction have 
attracted growing attention in modern organic synthesis.10 In this context, the MBH 
reaction, whose discovery dates back to several decades ago, is among the most 
valuable reactions for the construction of densely functionalized products.11 The 
                                                              
9 (a) Trost, B. M.; Kazmaier, U. J. Am. Chem. Soc. 1992, 114, 7933. (b) Guo, C.; Lu, X. J. Chem. Soc. Perkin Trans. 
1 1993, 1921. (c) Rauhut, M.; Currier, H. (American Cyanamide Co.) US Patent 3074999, 1963. (d) Aroyan, C. E.; 
Dermenci, A.; Miller, S. J. Tetrahedron 2009, 65, 4069. 
10 (a) Trost, B. M. Science 1991, 254, 1471. (b) Trost, B. M. Acc. Chem. Res. 2002, 35, 695. 
11 For reviews on the MBH reactions, see: For reviews on the MBH reactions, see: (a) Basavaiah, D.; Reddy, B. S.;       
Badsara, S. S. Chem. Rev. 2010, 110, 5447. (b) Langer, P. Angew. Chem. Int. Ed. 2000, 39, 3049. (c) Basavaiah, 
D.;  Rao, A. J.; Satyanarayana, T. Chem. Rev. 2003, 103, 811. (d) Masson, G.; Housseman, C.; Zhu, J. Angew. 
Chem. Int. Ed. 2007, 46, 4614. (e) Basavaiah, D.; Rao, K. V.; Reddy, R. J. Chem. Soc. Rev. 2007, 36, 1581. (f) Shi, 
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pioneering work was reported by Morita using tertiary phosphine catalysis in 1968.12 
The similar reaction based on tertiary amine catalysis was further reported by 
Baylis-Hillman in 1972.13 The MBH reaction formally involves a condensation of an 
electron-deficient alkene 1-1 and an aldehyde in the presence of nucleophilic catalysts. 
In addition, activated imines can also act as electrophiles in the analogous aza-MBH 








X = O or N(PG)  
Scheme 1.1 A generic (aza)-MBH reaction. 
These operationally simple reactions have the following features: (a) high atom 
economic nature; (b) highly functionalized products, such as 
-methylene--hydroxycarbonyl or -methylene--aminocarbonyl derivatives 1-3 are 
attainable, which are versatile synthons for further transformations; (c) ready 
availability of the starting materials; (d) the inherent “green” nature using 
organocatalysis and free of metal contamination; (e) mild reaction conditions; (f) the 
intramolecular version of the MBH reaction allows facile construction of cyclic 
frameworks, as firstly demonstrated by Frater et al. in 1992 (Scheme 1.2).14 However, 
the MBH reactions suffer from their intrinsic drawbacks, including low reaction rate, 
poor conversion, and limited substrate scope. Thus, considerable efforts were devoted 
                                                                                                                                                                              
Y.-L.; Shi, M. Eur. J. Org. Chem. 2007, 2905. (g) Ma, G.-N.; Jiang, J.-J.; Shi, M.; Wei, Y. Chem. Commun. 2009, 
5496. (h) Declerck, V.; Martinez, J.; Lamaty, F. Chem. Rev. 2009, 109, 1. 
12 (a) Morita, K. Japan Patent 6803364, 1968; Chem. Abstr. 1968, 69, 58828s. (b) Morita, K.; Suzuki, Z.; Hirose, H. 
Bull. Chem. Soc. Jpn. 1968, 41, 2815. 
13 Roth, F.; Gygax, P.; Frater, G. Tetrahedron Lett. 1992, 33, 1045. 20. 
14 Hill, J. S.; Isaacs, N. S. J. Phys. Org. Chem. 1990, 3, 285. (c) Kaye, P. T.; Bode, M. L. Tetrahedron Lett. 1991, 32, 
5611. (d) Fort, Y.; Berthe, M. C.; Caubere, P. Tetrahedron 1992, 48, 6371. (e) Rozendaal, E. M. L.; Voss,B. M.W.; 
Scheeren, H. W. Tetrahedron 1993, 49, 693. 
Chapter 1 Nucleophilic Phosphine Catalysis 
- 6 - 
 
to address the above issues by physical or chemical methods,15 which significantly 
promoted further advances of the MBH reaction for the synthesis of natural products 
and medicinally important molecules.11,16 
 
Scheme 1.2 The first intramolecular MBH reaction 
Despite their enormous advance and applications, the mechanism of the 
MBH/aza-MBH reactions is not entirely clear. The commonly recognized mechanism 
involves a sequential Michael addition, aldol (Mannich) reaction, and -elimination, 
as depicted in Scheme 1.3. The process is triggered by a reversible conjugate addition 
of the phosphine catalyst to the activated olefin 1-6 generating an enolate 1-7, which 
is trapped by aldehyde or imine electrophiles 1-8 to afford the second zwitterionic 
intermediate 1-9. A proton transfer from the -carbon atom to the -alkoxide/amide 
then takes place to lead to intermediate 1-10. The subsequent -elimination affords 
the MBH adduct 1-11 and regenerates the catalyst. The amine catalyzed MBH 
reaction is believed to work similarly. Recent elegant kinetic and theoretic studies 
provided some important mechanistic insights,17,18a-g which favoured the reaction 
                                                              
15 For selected recent examples, see: (a) Aggarwal, V. K.; Dean, D. K.; Mereu, A.; Williams, R. J. Org. Chem. 2002, 
67, 510. (b) Aggarwal, V. K.; Emme, I.; Fulford, S. Y. J. Org. Chem. 2003, 68, 692. (c) You, J.; Xu, J.; Verkade, J. 
G.  Angew. Chem. Int. Ed. 2003, 42, 5054. (d) Kumar, A.; Pawar, S. S. Tetrahedron 2003, 59, 5019. (e) Krishna, P. 
R.; Manjuvani, A.; Kannan, V.; Sharma, G. V. M. Tetrahedron Lett. 2004, 45, 1183. 
16 (a) Drewes S. E. and Roos, G. H. P. Tetrahedron, 1988, 44, 4653. (b) Basavaiah, D.; Dharma Rao P. and Suguna 
Hyma, R. Tetrahedron, 1996, 52, 8001. 
17 (a) Aggarwal, V. K.; Fulford, S. Y.; Lloyd-Jones, G. C. Angew. Chem. Int. Ed. 2005, 44, 1706. (b) Price, K. E.; 
Broadwater, S. J.; Jung, H. M.; McQuade, D. T. Org. Lett. 2005, 7, 147. (c) Price, K. E.; Broadwater, S. J.; Walker,      
B. J.; McQuade, D. T. J. Org. Chem. 2005, 70, 3980. (d) Buskens, P.; Klankermayer, J.; Leitner, W. J. Am. Chem. 
Soc. 2005, 127, 16762. (e) Kraft, M. E.; Haxell, T. F. N.; Seibert, K. A.; Abboud, K. A. J. Am. Chem. Soc. 2006, 
128, 4174. (f) Amarante, G. W.; Milagre, H. M. S.; Vaz, B. G.; Vilacha Ferreira, B. R.; Eberlin, M. N.; Coelho, F. 
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profiles where the intramolecular proton transfer is the rate-determining step (RDS). 
This is in contrast to the earlier proposed mechanisms where the addition of enolate to 





























Scheme 1.3 The widely accepted mechanism for the MBH reaction 
This reaction generates a stereogenic center when a prochiral electrophile is 
employed, thus it is interesting for chemists to develop chiral variant of this process. 
However, it was only after the year 2000 that enantioselective MBH/aza-MBH 
reactions were achieved, despite tremendous efforts devoted to the field. Chiral 
amines have been extensively explored as effective organocatalysts and chiral ligands 
in asymmetric synthesis. The early attempts for the enantioselective MBH/aza-MBH 
reactions mainly were focused on the exploitation of chiral amine catalysts. The chiral 
tertiary amine catalysts reported19 are shown in Figure 1.1.  
                                                                                                                                                                              
J. Org. Chem. 2009, 74, 3031. (g) Amarante, G. W.; Benassi, M.; Milagre, H. M. S.; Braga, A. A. C.; Maseras, F.; 
Eberlin, M. N.; Coelho, F. Chem. Eur. J. 2009, 15, 12460. (h) Santos, L. S.; Pavam, C. H.; Almeida, W. P.; Coelho, 
F.; Eberlin,  M. N. Angew. Chem. Int. Ed. 2004, 43, 4330. 
18 (a) Roy, D.; Sunoj, R. B. Org. Lett. 2007, 9, 4873. (b) Roy, D.; Sunoj, R. B. Chem. Eur. J. 2008, 14, 10530. (c) Roy, 
D.; Patel, C.; Sunoj, R. B. J. Org. Chem. 2009, 74, 6936. (d) Robiette, R.; Aggarwal, V. K.; Harvey, J. N. J. Am. 
Chem. Soc. 2007, 129, 15513. (e) Fan, J.-F.; Yang, C.-H.; He, L.-J. Int. J. Quan. Chem. 2009, 109, 1311. (f) Xu, J. 
J. Mol. Struct. (Theochem) 2006, 767, 61. (g) Dong, L.; Qin, S.; Su, Z.; Yang, H.; Hu, C. Org. Biomol. Chem. 2010, 
8, 3985. (h) Hill, J. S.; Isaacs, N. S. J. Phys. Org. Chem. 1990, 3, 285 
19 (a) Oishi, T.; Hirama, M. Tetrahedron Lett. 1992, 33, 639. (b) Oishi, T.; Oguri,  H.; Hirama, M. Tetrahedron: 
Asymmetry 1995, 6, 1241. (c) Hiemstra, H.; Wynberg, H. J. Am. Chem. Soc. 1981, 103, 417. (d) MarkG, I. E.; 
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Figure 1.1 Selected chiral amines for the enantioselective MBH reactions 
A breakthrough in amine catalysis came in 1999 when Hatakeyama et al. 
developed -isocupreidine (-ICD, 1-17) catalyzed MBH reaction of highly reactive 
acrylate 1-18 with various aromatic and aliphatic aldehydes 1-19. The adducts with 
moderate yields and excellent enantioselectivities (up to 99% ee) were obtained 
(scheme 1.4).20a The same group subsequently applied their catalyst to the efficient 
asymmetric synthesis of (+)-mycestericin E and epopromycin B which involved a 
-ICD-catalyzed MBH reaction as a key step.20b 
 
Scheme 1.4 The first highly enantioselective MBH reaction catalyzed by -ICD. 
Another significant progress in this field was reported by Sasai group several 
years later based on DMAP-type chiral tertiary amine catalysts. The authors designed 
and prepared BINOL-based bifunctional organocatalyst 1-21 and demonstrated its 
effectiveness in aza-MBH reaction (Scheme 1.5).21 The best condition was found to 
                                                                                                                                                                                  
Giles, P. R.; Hindley, N. J.; Tetrahedron 1997, 53, 1015. (e) Barrett, A. G. M.; Cook, A. S.; Kamimura, A.; Chem. 
Commun. 1998, 2533. (f) Barrett, A. G.; Dozzo, M. P.; White, A. J. P.; Williams, D. J.; Tetrahedron 2002, 58, 7303. 
(g) Hayashi, Y.; Tamura, T.; Shoji, M. Adv. Synth. Catal. 2004, 346, 1106. (h) Krishna, P. R.; Kannan, V.; Reddy, P. 
V. N. Adv. Synth. Catal. 2004, 346, 603. 
20 (a) Iwabuchi,Y.; Nakatani, M.; Yokoyama, N.; Hatakeyama, S. J. Am. Chem. Soc. 1999, 121, 10 219. (b) Iwabuchi, 
Y.; Hatakeyama, S. J. Synth. Org. Chem. Jpn. 2002, 60, 2. 
21 (a) Matsui, K.; Takizawa, S.; Sasai, H. J. Am. Chem. Soc. 2005, 127, 3680. (b) Matsui, K.; Tanaka, K.; Horii, A.; 
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be a mixed solvent of toluene and cyclopentyl methyl ether (cPME) at -15 oC. Under 
these conditions, N-tosylimines 1-22 derived from both electron-rich and electron 
deficient aldehydes were all well tolerated in the reaction with alkyl vinyl ketones 
1-23 and provided the allylamines 1-24 in high yields and with excellent 
enantioselectivities. Notably, the authors found that the proper combination of two 
reactive functions was extremely important to constitute effective bifunctionality of 


















R = Me, Et, H 1-21
1-22 1-23 1-24
 
Scheme 1.5 The highly enantioselective aza-MBH reaction catalyzed by a BINOL-based 
bifunctional DMAP-type catalyst.  
Recently, Zhu and co-workers documented a number of -ICD derivatives and 
examined their catalytic potentials in asymmetric aza-MBH reaction of both aromatic 
and aliphatic imines with -naphthyl acrylate 1-26. The catalyst 1-25 provided 
excellent selectivities even for aliphatic aldehyde-derived imines 1-27. This catalytic 
system represents the first highly efficient example for the enantioselective aza-MBH 
reaction with aliphatic substrates.22 
                                                                                                                                                                              
Takizawa, S.; Sasai, H. Tetrahedron: Asymmetry 2006, 17, 578. 
22 (a) Abermil, N.; Masson, G.; Zhu, J. J. Am. Chem. Soc. 2008, 130, 12596. (b) Abermil, N.; Masson, G.; Zhu, J. 
Org. Lett. 2009, 11, 4648. 
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Scheme 1.6 Modified -ICD derivatives catalyzed asymmetric aza-MBH reactions 
In comparison to amine catalysis, more significant advances in nucleophilc 
phosphine catalysis have been made, probably due to the uniquely higher 
nucleophilicity of triaryl- or trialkylphosphines over the similarly substituted amines. 
In 1998, Soai and co-workers reported the first phosphine-catalyzed asymmetric 
variant of MBH reaction between methyl acrylate 1-30 and 
pyrimidine-5-carbaldehyde 1-31.23 However, the corresponding MBH adduct 1-32 
could be furnished with only 44% ee in the presence of 
(S)-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl [(S)-BINAP] 1-29. 
 
Scheme 1.5 (S)-BINAP-catalyzed MBH reaction 
Since then, only sporadic progress24 was reproted until the emergence of novel 
bifunctional phosphines applicable for the asymmetric transformations, including 
MBH/aza-MBH reactions. Relevant studies will be introduced in detail in Section 
                                                              
23 Hayase, T.; Shibata, T.; Soai, K.; Wakatsuki, Y. Chem. Commun. 1998, 1271. 
24 For selected examples, see: (a) Li, W.; Zhang, Z.; Xiao, D.; Zhang, X. J. Org. Chem. 2000, 65, 3489. (b) 
McDougal, N. T.; Schaus, S. E. J. Am. Chem. Soc. 2003, 125, 12094. (c) Lei, Z.-Y.; Liu, X.-G.; Shi, M.; Zhao, M. 
Tetrahedron: Asymmetry 2008, 19, 2058. 
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1.3.2.  
1.2.2 [3+2] Annulations with Allenoates and Alkynoates  
Optically active functionalized carbocycles and heterocycles are important 
classes of compounds widely found in many natural products and bioactive 
molecules.25 Thus efficient construction of such compounds is of great interest and 
importance in asymmetric synthesis. The nucleophilic phosphine-triggered annulation 
reactions have emerged as a versatile method for the preparation of carbocycles and 
heterocycles. In general, such annulations are initiated by nucleophilic addition of 
phosphines to activated allenes and alkynes, and the resulting zwitterionic 
intermediates react further with electrophiles to furnish cyclic compounds.  
Because of their easy preparation and diverse reactivities,26 allenoates are the 
most commonly employed substrate class in phosphine catalysis. Addition of 
phosphines to allenoates results in the generation of a zwitterionic enolate-like 
intermediate. The diverse nature of this zwitterion can be depicted in several ways, 
which are in resonance with each other, including anion localization at the -carbon 
or -carbon or delocalized as a 1,3-dipole (Figure 1.2). The reactivities of these 
species are highly influenced by their substituents, catalysts as well as electrophiles, 
and thus induce selectivity issues, such as regio-, diastereo- and enantioselectivity.8e 
                                                             
25 (a) Buffat, M. G. P. Tetrahedron, 2004, 60, 1701. (b) Michael, J. P. Nat. Prod. Rep. 2004, 21, 625. (c) Christoffers 
J. and Mann, A. Angew. Chem. Int. Ed. 2001, 40, 4591. (d) O’Hagan, D. Nat. Prod. Rep. 2000, 17, 435. (e) Corey 
E. J. and Guzman-Perez, A. Angew. Chem. Int. Ed. 1998, 37, 388. (f) Fuji, K. Chem. Rev. 1993, 93, 2037. 
26 Lang R. W. and Hansen, H.-J. Org. Synth. 1984, 62, 202. 
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Figure 1.2 The phosphine-allenoate zwitterionic intermediates 
Among the various types of phosphine-catalyzed annulation reactions, the [3+2] 
cycloadditions are the most extensively explored. The pioneering work was reported 
by Lu in 1995 on the [3+2] cycloaddition of allenoates with , -unsaturated carbonyl 
compounds.27 2,3-Butadienoate 1-33 was treated with ethyl acrylate 1-34 in the 
presence of triphenyphosphine or tributylphosphine under mild reaction conditions, 
And the corresponding cyclopropenes were obtained in good yields and with good 
regioselectivity (Scheme 1.6). The electrophile scope could be extended to methyl 
vinyl ketone, acrylonitrile, diethyl fumarate, and diethyl maleate. Moreover, less 
reactive alkynoates were also included in this original study and were shown to be the 
suitable substrates for this annulation. In this case, 10 mol% of tributylphosphine was 
necessary to promote the reaction at a harsher condition (135 oC). 
 
Scheme 1.6 [3+2] Cycloaddition between allenoate 1-33 and ethyl acrylate 1-34. 
The proposed mechanism for the [3+2] annulation reaction is depicted in Scheme 
                                                              
27 Zhang, C.; Lu, X. J. Org. Chem. 1995, 60, 2906. 
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1.7.27 The reaction is triggered by nucleophilic addition of the phosphine to the most 
electrophilic -carbon of the allenoate 1-33 to generate zwitterionic enolate 1-36 and 
1-36which are in equilibrium. A subsequent conjugate addition of these enalotes to 
activated alkene yields the cyclic intermediates 1-37 and 1-37. A subsequent proton 
transfer leads to 1-38, which undergoes elimination and results in the regioisomeric 
cyclopentenes 1-39and 1-39. The coexistence of regio- and stereoselectivity 
involved in the above process makes it a challenging task for chemists to develop 
catalytic systems and enable this transformation to proceed in highly selective fashion 
(Scheme 1.7).  
 
Scheme 1.7 Proposed mechanism for allenoate-acrylate [3+2] annulation 
The Lu group also pioneered another subfield of the phosphine-mediated [3+2] 
annulation reaction using activated aldimines as the reaction partners. 28  This 
methodology provides access to five-membered azacyclic products, which are an 
important family of compounds widely present in organic synthesis and natural 
                                                             
28 (a) Xu, Z.; Lu, X. Tetrahedron Lett. 1997, 38, 3461. (b) Xu, Z.; Lu, X. J. Org. Chem. 1998, 63, 5031. 
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products. It was established that N-tosyl imines 1-40 participated in formal 
[3+2]-cycloadditions with allenoate 1-33 in the presence of PPh3 and provided 
pyrrolines 1-41 in high yields (83–98%). In contrast to the reactions using 
electron-deficient olefins as substrates, pyrrolines 1-41 were isolated as single 
regioisomers (Scheme 1.8). 
 
Scheme 1.8 [3+2] Annulation with imines 
As an important expansion of Lu’s methodology, Kwon and co-workers later 
employed -substituted allenic esters (±-1-42) as coupling partner for the same 
transformation.29 In view of the lower reactivity of the substituted allenoates, PBu3 
was employed to promote the reaction at room temperature and the dihydropyrroles 
1-43 were delivered in nearly quantitative yield (89–99%) and with high 
diastereoselectivity in most cases (Scheme 1.9). 
 
Scheme 1.9 Diastereoselective [3+2] annulations with -substituted allenoates 
The phosphine-catalyzed isomerization of ynoates to 2,4-dienoates was 
hypothesized to go through the 1,3-dipole intermediate 1-46 of a 2,3-dienoate.9 
Sharing the identical intermediate, alkynoate 1-44 was identified to be a suitable 
                                                              
29 Zhu, X.-F.; Henry C. E. and Kwon, O. Tetrahedron 2005, 61, 6276. 
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substrate in the formal allenoateacrylate [3+2] annulation in the presence of 10 mol% 













Scheme 1.10 A formal alkynoate-acrylate [3+2] annulation 
The Kwon group revealed an intramolecular process of the Lu annulation in the 
synthesis of tricyclic lactones 1-48 and 1-50 (Scheme 1.11). 30  When 
allenoate-containing substrate 1-47 with unsaturated ester was utilized, catalytic PBu3 
was effective in promoting the desired [3+2] annulation to furnish cyclic compounds 
1-48 in high yields in a single diastereomeric form. However, when the ester moiety 
was replaced by a nitro group, the substantially less nucleophilic 
tris(p-fluorophenyl)-phosphine was able to deliver nitronate product 1-50 in 62% 
yield, which could afford a variety of structurally complex heterocycles 1-51 upon a 





































Scheme 1.11 Intramolecular [3+2] annulations 
Despite the abundance of annulation reactions between allenes and various 
electrophiles under phosphine catalysis, aldehydes as substrates in [3+2] annulation 
                                                             
30 Henry C. E. and Kwon, O. Org. Lett. 2007, 9, 3069. 
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were only reported in 2005.31 Kwon and co-workers demonstrated that the reaction 
between allenoate 1-52 and aromatic aldehyde 1-53 took place in the presence of 20 
mol% of Me3P, affording the (2,6-diaryl[1,3]dioxan-4-ylidene)acetates 1-54 in 
moderate to excellent yields with complete diastereoselectivity and high 
E/Z-selectivities (Scheme 1.12).  
 
Scheme 1.12 [3+2] Annulations between allenes and aldehydes 
The authors proposed a plausible mechanism to account for the formation of 
1-54 (Scheme 1.13). Different from the alleneolefin annulation, -centered anion 
vinylphosphonium intermediate 1-55 attacks an aldehyde and results in the formation 
of 1-57 in a Z-isomeric form. This in situ generated alkoxide cannot undergo an 
intramolecular lactonization due to the disfavoured geometry. A subsequent addition 
of 1-57 to another equivalent of aldehyde forms 1-58, which readily undergoes an 
intramolecular Michael addition and -elimination to regenerate trimethylphosphine 
and yield compound 1-54.  
                                                              
31 Zhu, X.-F.; Henry, C. E.; Wang, J.; Dudding T. and Kwon, O. Org. Lett. 2005, 7, 1387. 
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Scheme 1.13 Proposed mechanism for the formation of compounds 1-54 
1.2.3 [4+2] Annulations with Allenoates 
Divergence of regio- and stereo-reactivities of allenes has been demonstrated in 
the [3+2] annulations. Rational modification of allenoates and their surrogates by 
mechanistical analysis of the proposed zwitterionic intermediates would lead to the 
development of new synthetic methods. In this regard, Kwon et al. have made 
significant contribution to the field of phosphine catalysis by developing alleneimine 
[4+2] annulation, 32  allenealkene [4+2] annulation, 33  alleneaziridine [3+3] 
annulation,34 and other various [m+n] types of annulations as well (Section 1.2.4). 
Although these transformations are much less explored compared to the [3+2] 
annulation, their synthetic values have been documented in synthesis of a number of 
natural products and bioactive molecules.35,36A brief introduction to the Kwon’s [4+2] 
annulation reactions, including their discoveries, mechanisms and their utilizations 
                                                             
32 Zhu, X.-F.; Lan, J.; Kwon, O. J. Am. Chem. Soc. 2003, 125, 4716. 
33 (a) Tran Y. S and Kwon O. J. Am. Chem. Soc. 2007, 129, 12632. (b) Tran Y. S,; Martin T.; J, Kwon O. Chem Asian 
J. 2011, 6, 2101. 
34 Guo, H.; Xu, Q. and Kwon, O. J. Am. Chem. Soc. 2009, 131, 6318. 
35 Tran, Y. S.; Kwon, O. Org. Lett. 2005, 7, 4289.  
36 Cruza, D.; Wang, Z.; Kibbiea, J.; Modlinc, R. and Kwon O. PNAS, 2011, 108, 6769; and references therein. 
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will be included in this section.  
In the catalytic cycle of a formal [3+2] annulation of allenoates and imines, the 
formation of pyrroline derivatives is triggered by -addition of the zwitterionic 
intermediate to the imine. Kwon envisioned that if the -position of 2,3-butadienoates 
was placed with a methyl group, the -attack of the zwitterionic intermediate would 
be blocked and a new reaction mode initiated by -addition of the zwitterionic 
intermediate to imines would occur (Scheme 1.14).32 Indeed, it was discovered that 
2-methyl-2,3-butadienoate 1-60a serves as 1,4-dipole synthon 1-61a and undergoes a 
[4+2] annulation with N-tosylbenzaldimine 1-40a in the presence of a catalytic 
amount of PBu3. Such a [4+2] annulation provides alternative facile method to access 
functionalized tetrahydropyridines 1-62, a family of molecules of widespread 
biological interest.37 The synthetic utility of this [4+2] annulation was demonstrated 
subsequently by the same group for the synthesis of two naturally occurring alkaloids, 
(±)-alstonerine and (±)-macroline.36 
 
 
Scheme 1.14 Formation of tetrahydropyridine 1-62 via Kwon [4+2] annulation 
The mechanistic rationalization is shown in Scheme 1.15. Tri-n-butylphosphine 
                                                              
37 (a) Michael J. P. In The Alkaloids; Cordell, G. A., Ed.; Academic Press: San Diego 2001; Vol. 55. (b) Dewick, P. 
M. Medicinal Natural Products; John Wiley and Sons: Chichester, 1997; Chapter 6. (c) Pinder, A. R. Nat. Prod. 
Rep. 1992, 9, 491and earlier reviews in this series. 
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acts as a nucleophilic trigger and forms intermediate 1-63a, which exists as a 
stabilized resonance zwitterionic intermediate 1-63a. Addition of allylic carbanion 
1-63a to imine 1-40a produces intermediate 1-64a, followed by two consecutive 
proton transfer steps, the proton at the ’-carbon is shuffled to the -carbon of 
intermediate 1-64a. Intermediate 1-66a undergoes intramolecular cyclization, 
followed by expulsion of PBu3 to generate tetrahydropyridine.32 The first proton 
transfer step is proposed to be rate-determining step (RDS), which is supported by the 
observation of an isotope effect. Additionally, the presence of electron-withdrawing 
substituents on the ’-carbon of allenoates is anticipated to increase the acidity of the 
’-protons and thus facilitate the proton transfer step from 1-64a to 1-65a, which is 
consistent with the experimentally observed enhanced reaction rate. 
Subsequent efforts by the Kwon group were devoted to the extension of substrate 
scope from imines to olefins for the [4+2] annulation process. The dually activated 
2-benzylidenemalononitriles 1-67 were employed in annulation reactions with 
-substituted allenoate 1-60a (Scheme 1.16).33 In these examples, it was interesting to 
note that regioselectivity of the cyclohexenes was highly dependent on the 
substitutents in the phosphine catalysts. For example, the use of 
hexamethylphosphorus(III) triamide (HMPT) exclusively afforded cyclohexenes 1-68, 
and more electron-deficient (4-ClC6H4)3P gave cyclohexenes 1-69.  
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Scheme 1.15 Proposed mechanism of the [4+2]-cycloaddition of -substituted allenoate 
1-60a with Ts-imines 
 
Scheme 1.16 [4+2] annulation of -substituted allenoate and activated olefins 1-67 
The mechanistic consideration for the regiodivergent [4+2] annulation is 
depicted in Scheme 1.17. The process starts with the formation of zwitterion 1-63a, 
followed by either -addition to the arylidene (pathway A) or proton transfer (pathway 
B) to generate ylide 1-64. The authors proposed that the electron-deficient nature of 
P(4-FC6H4)3 stabilizes ylide 1-64 and thus pathway B is favoured. In contrast, the 
’-protons of the HMPT-zwitterion 1-63a are less acidic, disfavouring formation of 
ylide 1-64 and thus promoting pathway A. Following addition to arylidene, both 
pathways proceed to their respective products through sequential proton transfers, 
intramolecular cyclization, and catalyst regeneration. Notably, only one regioisomer is 
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formed (through pathway A) with ’-substituted allenic ester substrates, regardless of 









































Scheme 1.17 The catalytic cycle of [4+2] annulation between -substitutedallenoates 1-60a 
and activated olefins 1-67 
More recently, the [4+2] annulation between -substituted allenoates 1-60 and 
aromatic trifluoromethyl ketones 1-70 was documented by Ye and co-workers.38 
Fluorinated compounds, 6-trifluoromethyl-5,6-dihydropyrans 1-71 were prepared in 
moderate to good yields and with high diastereoselectivities. It should be noted that 
the reaction required 20 mol% of PPh3 under reflux for 3-4 days, probably due to the 


















Scheme 1.18 The [4+2] annulation between -substituted allenoates 1-60 and trifluoromethyl 
ketones 1-70 
                                                             
38 Wang, T.; Ye, S. Org. Lett. 2010, 12, 4168. 
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1.2.4 Other Phosphine-catalyzed [m+n] Annulation Reactions 
In addition to the typical phosphine-catalyzed annulation reactions discussed 
above, a number of novel [m+n] annulations were also discovered in recent years. In 
particular, tandem processes based on phosphine catalysis have attracted much 
attention and provided facile methods for the construction of useful heterocycles 
under neutral conditions. Some selected examples are introduced in this section.  
Phosphines are known to promote the umpolung addition of nucleophiles to 
allenoates and alkynoates (Section 1.2.6). When a bisnucleophilic substrate is 
employed, a tandem -addition and intramolecular annulation is anticipated to take 
place because of the biselectrophilic nature of allenoates. Liu et al reported the first 
phosphine-catalyzed annulation of thioamides with allenoates for the construction of 
thiazolines.39 The 2-butynoate was also found to be a suitable reaction partner and 
worked with aromatic and heteroaromatic thioamides in the presence of PBu3. The 
heterocyclic thiazolines of biological interest were synthesized in good to excellent 
yields and with moderate diastereoselectivities (Scheme 1.19).  
The catalytic cycle involves a formation of vinylphosphonium intermediate 1-74 
and deprotonated thioamide anion 1-76, which undergoes -addition to electrophilic 
phosphonium species 1-75. The annulated thiazolines are furnished after sequential 
intramolecular proton transfer, cycloaddition and phosphine extrusion (Scheme 1.20).  
                                                              
39 Liu, B.; Davis, R.; Joshi, B.; Reynolds, D. W. J. Org. Chem. 2002, 67, 4595. 
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1-71a: R = H


































Scheme 1.20 The proposed mechanism for the formation of thiazolines 
Tong et al demonstrated a novel reactivity pattern of allenoate by introducing an 
acetate group at the 'position. 40  Such an allenoate 1-79 would generate an 
intermediate 1-81 with 1,4-biselectrophilic nature upon addition of phosphine and 
1,2-elimination of the acetate group. With 2-(acetoxymethyl)-buta-2,3-dienoates 1-79 
as reactive four-atom unit reactants and in the presence of 
3-oxo-3-phenylpropanenitrile 1-82 or hydrazine sulfonamides 1-84, the authors 
developed novel PPh3-catalyzed [4+1] and [4+2] annulations which efficiently 
provided facile access to cyclopentene 1-83 and tetrahydropyridazine derivative 1-85 
(Scheme 1.21).  
                                                             
40 Zhang, Q.; Yang, L.; Tong, X. J. Am. Chem. Soc. 2010, 132, 2550. 
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Scheme 1.21 Formation of cyclopentene 1-83 and tetrahydropyridazine derivative 1-85 via 
[4+n] annulation 
On the basis of deuterium labeled control experiments, the authors proposed a 
plausible mechanism (Scheme 1.22). The 1,4-biselectrophile 1-81 was produced by 
nucleophilic addition of phosphine and -elimination of the acetate group. Phosphines 
are known to increase the electron density of allenoates upon addition reaction. In this 
system, however, departure of the newly introduced acetate group would completely 
remove electrons from intermediate 1-80, thus leading to electrophilic intermediate 
1-81. Since the electron-withdrawing effect of triphenylphosphonium is believed to be 
stronger than that of the carboxylate group,41 carbanion 1-82’ attacks the γ carbon of 
intermediate 1-81 to give intermediate 1-86. Subsequent intramolecular H-shift, 
conjugate addition and elimination of PPh3 generates product 1-83. 
                                                              
41 (a) Trost, B. M.; Dake, G. R. J. Am. Chem. Soc. 1997, 119, 7595. (b) Kuroda, H.; Tomita, I.; Endo, T. Org. Lett. 
2003, 5, 129. (c) Gabillet, S.; Lecercle, D.; Loreau, O.; Carboni, M.; Dezard, S.; Gomis, J.-M.; Taran, F. Org. Lett. 
2007, 9, 3925. (d) Zhang, C.; Lu, X. Synlett 1995, 645. (e) Gabillet, S.; Lecercle, D.; Loreau, O.; Dezard, S.; 
Gomis, J.-M.; Taran, F. Synthesis 2007, 515. (f) Lu, C.; Lu, X. Org. Lett. 2002, 4, 4677. 
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Scheme 1.22 Plausible mechanism for the formation of cyclopentene 1-83 
Isocyanides were also employed in the new phosphine-catalyzed annulation 
reaction. The group of Yamamoto documented regioselective heteroaromatization 
between activated alkynes and isocyanides in the presence of 15 mol% of 
1,3-bis(diphenylphosphino)propane (dppp), and functionalized pyrroles were prepared 
in 35-79% yields.42 Such a heteroaromatization reaction was applied to the synthesis 
of the trail pheromone of a leaf-cutting ant, which contains a pyrrole ring as a core 
structure (Scheme 1.23) 







R = aryl, alkyl








Scheme 1.23 Phosphine-catalyzed regioselective heteroaromatization between activated 
alkynes and isocyanides 
The authors believed that the heteroaromatization is initiated by the 1,4-addition 
of the nucleophilic phosphine catalyst to the activated alkynes 1-88 to form the 
zwitterionic intermediate 1-91, which serves as a strong base to abstract an acidic 
proton of the isocyanide 1-89, resulting in the formation of anionic intermediate 1-92. 
                                                             
42 Kamijo, S.; Kanazawa, C.; Yamamoto, Y. Tetrahedron Lett. 2005, 46, 2563. 
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The carbanion adds on to the vinylphosphonium 1-93 and the newly formed anionic 
center attackd the isocyanide carbon to form the cyclic intermediate 1-94. 
Intramolecular proton migration and elimination of the phosphine catalyst produce 
intermediate 1-95, followed by a 1,5-hydrogen shift, pyrrole 1-90 is obtained as the 
final product. 
 
Scheme 1.24 Plausible mechanism for the formation of pyrrole 1-90. 
Recently, the Tong group reported a new PPh3-catalyzed [2+2+2] annulation 
reaction.43 In this process, two molecules of 1-arylpropynone 1-96 and one molecule 
of phenyl N-tosylimine 1-40 participated in the catalytic cycle. As illustrated in 
Scheme 1.25, addition of PPh3 to phenylpropynone 1-96 forms zwitterion 1-97, which 
undergoes a Mannich-type reaction with N-tosylimine 1-40 and gives intermediate 
1-98. A MBH type adduct 1-99 is delivered after two consecutive proton transfers 
from 1-98. Benefited from the nature of phenyl ketone as a strong activating group, 
the highly nucleophilic zwitterion 1-97 participates in a further Michael type addition 
with 1-99 to form intermediate 1-100. Subsequent intramolecular conjugate addition 
                                                              
43 Liu, H.; Zhang, Q.; Wang L. and Tong X. Chem. Commun. 2010, 46, 312. 
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and [1,2]-elimination of PPh3 generate intermediate 1-102, affording the final product 
1-97 via a [1,3]-proton transfer. Control experiments with deuterium-labeled 
substrates supported the proposed pathway. Such a novel annulation process provides 
a straightforward synthetic protocol for the assembly of highly substituted 
1,2-dihydropyridines in good to excellent yields. Based on a similar strategy by 
installing a leaving group at alkynoates, the same group later successfully developed a 
protocol to synthesize polysubstituted furans by [3+2] annulation of γ-functionalized 




























































Scheme 1.25 Formation of 1,2-dihydropyridines via phosphine-catalyzed [2+2+2] 
annulations 
The in situ generated zwitterion intermediate is commonly used as a strong base 
in the phosphine catalysis. Kwon et al. developed a simple protocol for the synthesis 
of oxazolidines, thiozolidines, pyrrolidines, and octahydroindoles from amino acid 
derivatives using bisphosphine-catalyzed mixed double-Michael process (Scheme 
                                                             
44 Hu, J.; Wei, Y. and Tong X. Org. Lett. 2011, 13, 3068. 
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1.26). 45  The products were obtained in 80-93% yields and with excellent 
diastereoselectivities. More recently, the same group extended the reaction scope to 
[5+1] annulation to synthesize several different types of benzannulated 
N-heterocyclessindolines, including dihydropyrrolopyridines, benzimidazolines, 

















Scheme 1.26 Bisphosphine-catalyzed mixed double-Michael reactions 
Mechanistically, vinylphosphonium anion 1-106, resulted from the addition of 
phosphines to activated alkynes 1-104, deprotonates pronucleophile 1-103 and 
facilitates its first conjugate addition to form intermediate 1-109. Intermediate 1-109 
would either undergo a reversible -elimination of the phosphine to produce 
mono-Michael product 1-110, or proceed to give the cyclized product 1-111 after 
proton shift and SN2 displacement. The divergence of the pathways is highly 
dependent on the nature of phosphine catalysts: the monodentate phosphines favoured 
the formation of 1-110, while of the employment of bisphosphines with an additional 
phosphine moiety at the optimal position provides additional stabilization to the 
intermediate phosphonium ions 1-109 and 1-110, and leads to the formation of 1-105. 
                                                              
45 Sriramurthy, V.; Barcan, G. A.; Kwon, O. J. Am. Chem. Soc. 2007, 129, 12928. 
46 Sriramurthy, V. and Kwon O. Org. Lett. 2010, 12, 1084. 
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Scheme 1.27 Proposed mechanisms for the formation of 1-105 and 1-110. 
Very recently, the Kwon group documented an elegant study towards the 
divergent reactivities of allenoate chemistry. In this study, azomethine imines 1-112 
were employed as 1,3 dipoles, - and -substituted allenoates 1-113 participating in 
various patterns of annulations, including [3+2], [3+3], [4+3], and [3+2+3] 
cyclizations.47  These cyclization reactions are operationally simple and proceed 
smoothly under very mild reaction conditions, providing a broad range of fused 
pyrazolidinone heterocycles in moderate to excellent yields (Scheme 1.28). Notably, 
the authors investigated reaction mechanisms for the [3+2+3] annulation by capturing 
a trimeric zwitterionic intermediate formed from two molecules of ethyl 
2,3-butadienoate and a molecule of a phosphine, which acts as a 1,5-dipole in the 
cycloaddition reaction.  
                                                             
47 Na, R.; Jing, C.; Xu, Q.; Jiang, H.; Wu, X.; Shi, J.; Zhong, J.; Wang, M.; Benitez,  D.; Tkatchouk, E.; Goddard, III, 
W. A.; Guo H. and Kwon, O. J. Am. Chem. Soc. 2011, 133, 13337. 
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Scheme 1.28 Phosphine-catalyzed annulations of azomethine imines with different allenoates 
1.2.5 Allylic Substitutions and Annulations with MBH Adducts 
In parallel with the explosively growing reports on the (aza)-MBH reaction, the 
use of MBH adducts as starting materials in organic synthesis has also attracted 
considerable attention.11 Due to the presence of terminal alkene and conjugated 
electron-withdrawing group, a typical MBH adduct could serve as a Michael acceptor, 
thus retains electrophilicity. Moreover, the reactivity pattern of a MBH adduct would 
be altered with the modifications of its functionalities. For instance, installing a 
leaving group at the allylic alcohol position, such as 1-114 with an acetoxy, 
tert-butoxycarbonyloxy group or a bromide, the electrophilic character at the allylic 
position would be enhanced. Nevertheless, due to the steric hindrance at the tertiary 
carbon, the direct -allylic nucleophilic substitution is disfavoured. Instead, in some 
known cases, nucleophilic addition at the -position is more favoured for several 
nucleophiles in a SN2’ fashion under the condition of transition metal catalysis or 
phase-transfer catalysis.  
On the other hand, the -selective allylic substitution of MBH adducts would be 
of high significance due to the inherent stereogenic center, which provide an 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 31 - 
 
alternative and complementary approach to the dominant metal-mediated asymmetric 
allylic alkylation (AAA) reactions.48 It is envisioned that with typical nucleophilic 
addition and -elimination reactivity character of Lewis bases in reaction processes, 
phosphines will be suitable catalyst to undergo the first SN2’ reaction and trigger the 
elimination of the leaving group of the modified MBH adduct 1-114 and lead to a 
phosphonium intermediate 1-116. Such an intermediate possesses high 
-electrophilicity because of the dual activation by the EWG and phosphonium moiety, 
and thus readily reacts with activated nucleophiles via a second SN2’ displacement to 
furnish the formal allylic alkylation product with the regeneration of phosphine 
catalyst.49 Notably, a catalytic amount of tert-butoxide anion is in-situ produced when 
MBH carbonate 1-114b is employed, which would serve as a strong base to activate 
prenucleophiles and promote the substitution reactions. The tert-butoxide anion is 
also able to deprotonate phosphonium 1-116 to yield ylide 1-118, which serves as 
1,3-dipole or 1,1-dipole and furnishes polyfunctionalized annulation products in the 
presence of dipolarphiles (Scheme 1.29). 
Since the Lewis base is incorporated into the key active intermediates 1-116 and 
1-118, the asymmetric induction becomes possible when employing a chiral Lewis 
base. On the basis of such an organocatalytic approach, remarkable work has been 
accomplished in the AAA reactions and annulation reactions between achiral MBH 
                                                             
48 For reviews, see: (a) Pfaltz, A.; Lautens, M. In Comprehensive Asymmetric Catalysis; Jacobsen, N.; Pfaltz, A.; 
Yamamoto, H. Eds.; Springer: New York, 1999; Vol. 2, p 833. (b) Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 
103, 2921. (c) Lu, Z.; Ma, S. Angew. Chem. Int. Ed. 2008, 47, 258. (d) Diéguez, M.; Pámies, O. Acc. Chem. Res. 
2010, 43, 312. 
49 Baidya, M.; Remennikov, G. Y.; Mayer P.; and Mayr, H. Chem.–Eur. J. 2010, 16, 1365. 
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adducts and a wide range of nucleophiles.50 This section aims to introduce their 
original findings, mechanisms and further advances within the field of nucleophilic 
phosphine catalysis. 
 
Scheme 1.29 Phosphine-catalyzed allylic substitution 
In this particular research branch, tertiary amines are much more explored as 
catalysts for the nucleophilic substitution of MBH adducts, as compared to tertiary 
phosphines. The pioneering work was independently reported by Basavaiah and Kim 
in 2001.51 Basavaiah and co-workers employed stoichiometric DABCO to react with 
MBH bromides 1-114c and successfully isolated and characterized the resulting 
ammonium salts 1-119 as a mixture of (E) and (Z) isomers.51a By using MBH acetate 
1-114a, Kim et al.51b produced the same types of salts 1-119, which underwent allylic 
substitution with hydride to give 2-methylenealkanoates and alkanenitriles 1-120 
(Scheme 1.30). 
                                                              
50 For reviews, see: (i) Rios, R. Catal. Sci. Technol. 2012, 2, 267. (j) Liu, T.-Y.; Xie, M. and Chen, Y.-C. Chem. Soc. 
Rev. 2012, 41, 4101. 
51 (a) Basavaiah, D. and Kumaragurubaran, N. Tetrahedron Lett. 2001, 42, 477. (b) Im, Y. J.; Kim, J. M.; Mun, J. H. 
and Kim, J. N. Bull. Korean Chem. Soc. 2001, 22, 349. 
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Scheme 1.30 DABCO-catalyzed hydride allylic substitution 
Subsequently, the Kim group demonstrated the first catalytic AAA reaction with 
MBH acetate via a combination of kinetic resolution of the MBH acetates and 
subsequent asymmetric induction during hydrolysis with NaHCO3 as a water 
surrogate catalyzed by Cinchona alkaloid dimer [DHQD]2PHAL. 52  The 
enantiomerically enriched alcohol 1-122 was isolated in moderate yields and optically 
active starting material was recovered in 24% yield and with moderate ee (Scheme 
1.31). Since then, catalytic AAA reaction with modified MBH adducts were proven to 
be versatile and powerful strategy for a broad scope of donor compounds, including 
carbon, nitrogen, oxygen, sulfur, phosphorus nucleophiles.53 Most of the systems are 
based on nucleophilic amine catalysis using different Cinchona alkaloid dimers as 














1-121 1-122 42%, 84% ee (R)-1-121 24%, 53% ee  
                                                             
52 Kim, J. N.; Lee H. J. and Gong, J. H. Tetrahedron Lett. 2002, 43, 9141. 
53 For selected examples, see: (a) Cui, H.-L.; Feng, X.; Peng, J.; Lei, J.; Jiang, K.; Chen, Y.-C. Angew. Chem. Int. Ed. 
2009, 48, 5737. (b) Jiang, K.; Peng, J.; Cui, H.-L.; Chen, Y.-C. Chem. Commun 2009, 3955. (c) Cui, H.-L.; Peng, 
J.; Feng, X.; Du, W.; Jiang, K.; Chen, Y.-C. Chem. Eur. J. 2009, 15, 1574. (d) Cui, H.-L.; Huang, J.-R.; Lei, J.; 
Wang, Z.-F.; Chen, S.; Wu, L.; Chen, Y.-C. Org. Lett. 2010, 12, 720. (e) Sun, W.; Hong, L.; Liu, C.; Wang, R. Org. 
Lett. 2010, 12, 3914. (f) Hong, L.; Sun, W.; Liu, C.; Zhao, D.; Wang, R. Chem. Commun. 2010, 46, 2856. (g) Liu, 
C.; Tan, B.-X.; Jin, J.-L.; Zhang, Y.-Y.; Dong, N.; Li, X.; Cheng, J.-P. J. Org. Chem. 2011, 76, 5838. (h) Yang, W.; 
Wei, X.; Pan, Y.; Lee, R.; Zhu, B.; Liu, H.; Yan, L.; Huang, K.-W.; Jiang, Z.; Tan, C.-H. Chem. Eur. J. 2011, 17, 
8066. (i) Furukawa, T.; Kawazoe, J.; Zhang, W.; Nishimine, T.; Tokunaga, E.; Matsumoto, T.; Shiro, M.; Shibata, 
N. Angew. Chem. Int. Ed. 2011, 50, 9684. (j) Li, Y.; Liang, F.; Li, Q.; Xu, Y.-C.; Wang, Q.-R.; Jiang, L. Org. Lett. 
2011, 13, 6082. (k) Cho, C.-W.; Krische, M. J. Angew. Chem. Int. Ed. 2004, 43, 6689. (l) Baidya, M.; Remennikov, 
G. Y.; Mayer, P.; Mayr, H. Chem. Eur. J. 2010, 16, 1365. (m) Lin, A,; Mao, H.; Zhu, X.; Ge, H.; Tan, R.; Zhu, C.; 
Cheng, Y. Adv. Synth. Catal. 2011, 353, 3301. 
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Scheme 1.31 Kinetic resolution of MBH acetate with NaHCO3 
The first phosphine-catalyzed allylic amination of MBH acetates was reported by 
Krische in 2004.54a They found that exposure of MBH acetates to tertiary phosphine 
catalysts in the presence of 4,5-dichlorophthalimide enabled regiospecific allylic 
substitution. With a chiral phosphine catalyst (R)-Cl-MeO-BIPHEP, chiral amination 
product was produced in 80% yield and with 56% ee (Scheme 1.32). The same group 
also developed the first phosphine-catalyzed protocol for the synthesis of 
-butenolides 1-126 via allylic C-alkylation of 2-trimethylsiloxy furan 1-125 with 
MBH acetates 1-124.54b The authors reasoned that the high regio- and 
diastereoselectivity of the allylic product is attributed to the generation of an 
electrophile–nucleophile ion pair, which suppresses direct addition of the nucleophile 
to the less substituted olefin moiety of the starting MBH acetates 1-121 (Scheme 1.33). 
The asymmetric variant of this transformation were later developed by the groups of 
Hou55a and Shi55b using chiral phosphines. 
 
Scheme 1.32 The first phosphine-catalyzed allylic amination of MBH acetates 
                                                              
54 (a) Cho, C.-W.; Kong J.-R. and Krische, M. J. Org. Lett. 2004, 6, 1337. (b) Cho C.-W. and Krische, M. J. Angew. 
Chem. Int. Ed. 2004, 43, 6689. 
55 (a) Zhang, T.-Z.; Dai L.-X.; and Hou, X.-L. Tetrahedron: Asymmetry 2007, 18, 1990. (b) Jiang, Y.-Q.; Shi Y.-L. 
and Shi, M. J. Am. Chem. Soc. 2008, 130, 7202. 
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Scheme 1.33 The first phosphine-catalyzed synthesis of allylic -butenolides 1-126 
As discussed in Scheme 1.29, MBH adducts also can serve as 1,3 or 1,1 dipole 
under phosphine catalysis and react with appropriate dipolarophiles. Such a utilization 
of the MBH adducts was first discovered by the Lu group in the phosphine-catalyzed 
[3+2] annulation of MBH adducts in 2003. 56 a In the study, a series of 
electron-deficient alkenes were employed as coupling partners with both MBH 
bromides 1-114a and acetates 1-114c. When N-phenylmaleimide 1-127 was used, 
bicyclic cyclopentens 1-128 were synthesized in moderate to high yields. When 
acetate and bromide were used as the substrates, K2CO3 was necessary as an 
additional base to neutralize bromide and deprotonate phosphonium intermediate 
1-116 to give ylide 1-118. Notably, MBH carbonates 1-114b would facilitate the 
generation of the same ylide 1-118 in the absence of external base, as the in situ 
generated tert-butoxide anion could act as a base (Scheme 1.34). In 2008, the 
annulation process between MBH carbonates and N-tosyl imines was utilized by the 
                                                             
56 (a) Du, Y.; Lu X. and Zhang, C. Angew. Chem. Int. Ed. 2003, 42, 1035. (b) Zheng S. and Lu, X. Org. Lett. 2008, 10, 
4481. 
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same group for the synthesis of functionalized 3-pyrrolines.56b   
 
Scheme 1.34 The first phosphine-catalyzed [3+2] annulation with MBH adducts 
More recently, Zhang and co-workers established a novel type of 
phosphine-mediated [4+1] annulation.57 In their report, MBH carbonates were used 
as one-atom coupling synthons for the first time to induce a cyclization with activated 
enones. In the presence of 10 mol% of PPh3 under mild condition, this process 
provided a simple, efficient, and practical method for the synthesis of highly 
functionalized 2,3-dihydrofurans in a highly regio- and diastereoselective manner 
(Scheme 1.35). Mechanistically, the reason why the system does not undergo [3+2] 
annulations is still unclear. However, the catalytic cycle could be expected to be 
triggered by the formation of the typical ylide 1-132, followed by its nucleophilic 
addition to conjugated yne-enone 1-130a to yield intermediate 1-133 (scheme 1.36). 
The -carbon addition is more favoured than -carbon addition due to the less steric 
hindrance. Isomerization and intramolecular SN2’ nucleophilic substitution yields 
cyclized product 1-131 and regenerates the PPh3. 
                                                              
57 Chen, Z. and Zhang, J. Chem. Asian J. 2010, 5, 1542. 
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Scheme 1.35 The first phosphine-catalyzed [4+1] annulation with MBH adducts 
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Scheme 1.36 Proposed mechanism for the formation of 1-131 
Almost at the same time, a mechanistically similar [4+1] process of MBH 
carbonates with salicyl N-thiophosphinyl imines was reported by Huang and Chen.58 
This method offered a powerful approach for the construction of a highly substituted 
trans-2,3-dihydrobenzofuran skeleton with high diastereoselectivity via domino 
reaction pathway (Scheme 1.37). In addition to the above original studies, a closely 
related [4+1] annulation between MBH carbonates and imines was subsequently 
reported recently by He and co-workers, in which functionalized 2-pyrrolines 
                                                             
58 Xie, P.; Huang, Y. and Chen R. Org. Lett. 2010, 12, 3768. 
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derivatives were obtained in high yields and with excellent regio- and 
diastereoselectivities.59 
 
Scheme 1.37 Synthesis of substituted trans-2,3-dihydrobenzofuran 1-136 via [4+1] 
annulations  
The diverse reaction pattern of MBH adducts was further demonstrated in a 
novel [3+3] annulation reaction with alkylidenemalononitriles reported by Lu and 
co-workers in 2009 (Scheme 1.38). 60  By employing of 20 mol% of PPh3, 
functionalized cyclohexene derivatives were prepared in moderate to excellent yields 
and with moderate to good diastereoselectivities. The use of protic solvent such as 
iPrOH was crucial for the reaction, as yields of the cyclized product 1-138 were very 
low when reactions were performed in other media. It was proposed that a typical 
allylic substitution proceeds to afford non-cyclized product 1-138 due to the acidic 
property of the methyl group of 1-137. Conjugate addition of the phosphine to 1-138 
probably occurs and leads to a phosphonium-substituted carbanion 1-139, which 
might abstract the proton from 1-138 to form 1-141. Following a proton shift and 
intramolecular cyclization, final product 1-138 is produced. The protic solvent iPrOH 
might be playing a role as proton shuttle to facilitate intermolecular charge transfer 
and contribute to the observed high reaction yield. 
                                                              
59 Tian, J.; Zhou, R.; Sun, H.; Song, H. and He Z. J. Org. Chem. 2011, 76, 2374. 
60 Zhang, S. Lu, X. Tetrahedron Lett. 2009, 50, 4532. 
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Scheme 1.38 Phosphine-catalyzed [3+3] annulation and proposed reaction mechanism 
1.2.6 Umpolung Additions and Michael Additions 
Most of the phosphine-triggered reactions of allenes involve the formation of 
zwitterion intermediates, which serve as nucleophiles in the subsequent reaction 
pathways. On the other hand, the zwitterionic intermediaes would behave as Brønsted 
bases to activate prenucleophiles and further act as electrophiles upon protonation. 
Such a reactivity mode has been demonstrated in the phosphine-catalyzed [m+n] 
annulation reactions discussed in section 1.2.4. Nevertheless, its earliest utilization 
dates back to the seminal work on phosphine-mediated umpolung additions 
documented by Trost and Li in 1994.61a In this pioneering work, alkynoates were 
                                                             
61 (a) Trost, B. M.; Li, C.-J. J. Am. Chem. Soc. 1994, 116, 3167. (b) Zhang, C.; Lu, X. Synlett 1995, 645. 
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treated with acidic prenucleophiles under phosphine catalysis to provide products of 
-carbon addition of alkynoates in moderate yields. One year later, the analogous 
reactivity using allenoates was investigated by Lu and co-workers (Scheme 1.39).61b A 
series of methylene compounds 1-144 were employed as nucleophiles with allenoate 
1-33 in the presence of 5 mol% of PPh3, providing -addition products 1-145 in 56-78% 
yields and with E/Z selectivities (44:56>97:3). In addition to carbon-based 
prenucleophiles, oxygen donors such as phenol were found to be suitable substrate for 
this umpolung addition. However, less acidic benzyl alcohol and methanol did not 
participate in the coupling reaction under the same reaction conditions. 
 
Scheme 1.39 Phosphine-catalyzed -addition to allenoate 1-33 
The above -addition was believed to start with zwitterionic intermediate 1-36, 
whichdeprotonates the acidic methylenes and generates ion pair 1-146. The carbanion 
readily adds to the -carbon of the electrophilic allenoate-phosphonium adduct, 
leading to ylide 1-147. Subsequent proton transfer and phosphine elimination give 
product 1-145 (Scheme 1.40). 
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Scheme 1.40 Proposed mechanism for the formation of the 1-145 
The nitrogen-based nucleophiles were also found to be effective reaction partners 
in the -addition reactions.62 A broad range of nitrogen-based nucleophiles, including 
imidazole, pyrrazole, triazole, and phthalimide, as well as their benzo-analogs, 
smoothly participate in PPh3-catalyzed -additions with allenoate 1-33 and afford 
products 1-150 in high yields and with good E/Z ratios ( Scheme 1.41). It was 
established that an appropriate acidity of azole compounds is crucial to ensure 
efficient reactivity. With a too acidic substrate, the corresponding anion would possess 
insufficient nucleophilicity to attack the vinylphosphonium intermediate. On the other 
hand, a prenucleophile of low acidity would not be deprotonated by the zwitterionic 
and no -addition product would occur. The experimental observations are consistent 
with Lu’s proposed mechanism (Scheme 1.40).  
                                                             
62 Virieux, D.; Guillouzic A.-F. and Cristau, H.-J. Tetrahedron 2006, 62, 3710. 
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Scheme 1.41 Phosphine-catalyzed -addition with nitrogen nucleophiles 
The intramolecular -addition under phosphine catalysis was investigated by 
Trost and Li using oxygen-based nucleophiles for the synthesis of tetrahydrofuran and 
tetrahydropyran rings.63 The co-existence of isomerization reaction of 1-151 induced 
chemoselectivity, and it was found that the control was highly dependent on the 
catalysts and solvents. When bidentate phosphines (e.g., dppp) were used in non-polar 
solvents (e.g., toluene), the -addition product 1-153 was formed favorably (Scheme 
1.42).  
 
Scheme 1.42 Phosphine-catalyzed intramolecular -addition 
In the proposed catalytic cycle of -additions, phosphonium cation is responsible 
for the high electrophilicity of protonated vinyl intermediate. Replacement of 
allenoate with an activated alkene (e.g. methyl acrylate or methyl vinyl ketone, MVK) 
                                                              
63 Trost, B. M.; Li, C.-J. J. Am. Chem. Soc. 1994, 116, 10819. 
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would also lead to a Brønsted basic zwitterionic upon addition of phosphines, as 
shown in the (aza)-MBH reactions. However, in the presence of an appropriate acidic 
nucleophile, the corresponding protonated phosphonium intermediate, in the form of 
ion pair with nucleophile anion 1-154, does not bear a vinyl moiety anymore and thus 
possess much lower electrophilicity. In such a case, the activated nucleophile would 
undergo a Michael addition to the free alkenes 1-6 to give an enolate 1-155, which 
deprotonates another molecule of the nucleophile and affords final Michael product 



























Scheme 1.43 Formation of Michael adduct 1-156 via phosphine catalysis.  
The first phosphine-catalyzed Michael addition was reported by White and 
Baizer of Monsanto Co. in 1973.64 In this pioneering work, they established a 
phosphine-promoted addition of 2-nitropropane 1-157 to different activated olefins 
1-158, including ethyl acrylate, acetonitrile and methyl vinyl ketone. The desired 
Michael adducts 1-159 were obtained in 21-90% yields (Scheme 1.44). Since 
phosphines are generally not Brønsted basic, it is reasonable that the zwitterionic 
phosphine-alkene adduct behaves as the general base to deprotonate the nitroalkanes, 
                                                             
64 White, D. A.; Baizer, M. M. Tetrahedron Lett. 1973, 14, 3597. 
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which then undergoes Michael addition to free activated alkene. 
 
Scheme 1.44 Phosphine-catalyzed Michael addition of nitroalkene 1-157 
A more recent Michael addition example utilizing phosphine catalysis was 
demonstrated by Toste and Bergman.65  They reported the Michael addition of 
alcohols and water to activated alkenes, and prepared synthetically important 
-hydroxy ketones 1-160 in moderate to good yields (Scheme 1.45). Mechanistically, 
the authors investigated the reaction by using 31P NMR spectroscopy and found that 
the resting state of the catalyst was in indeed the-phosphonium ketone alkoxide ion 
pair. Moreover, the fact that more basic tertiary amines such as DABCO and 
triethylamine were unable to catalyze this transformation supported that the phosphine 
behaving as a nucleophile but not as a base.  
 
Scheme 1.45 Phosphine-catalyzed hydration and hydroalkoxylation of activated olefins 
With respect to this subfield of phosphine catalysis, only sporadic examples were 
described, 66  and the phosphine-catalyzed asymmetric Michael addition remains 
unknown. 
1.2.7 Acylation Reactions and Kinetic Resolution 
                                                              
65 Stewart, I. C.; Bergman, R. G.; Toste, F. D. J. Am. Chem. Soc. 2003, 125, 8696. 
66 (a) Yoshida, T.; Saito, S. Chem. Lett. 1982, 1587. (b) Grossman, R. B.; Pendharkar, D. S.; Patrick, B. O. J. Org. 
Chem. 1999, 64, 7178. (c) Zhao, G.-L.; Shi, M. Tetrahedron 2005, 61, 7277. (d) Gimbert, C.; Lumbierres, M.; 
Marchi, C.; Moreno-Mañas, M.; Sebastián, R. M.; Vallribera, A. Tetrahedron 2005, 61, 8598. (f) Wang, X.; Fang, 
F.; Zhao, C.; Tian, S.-K. Tetrahedron Lett. 2008, 49, 6442. 
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Enantioselective variants of alcohol acylations with acid anhydrides, such as 
kinetic resolution of chiral alcohols or desymmetrization of meso-diols, are generally 
realized using chiral DMAP-type catalysts.2 In recent years, phosphines were proven 
to be suitable catalysts for these transformations. An early example reported by the 
Vedejs group in 1993 revealed that catalytic amount of n-Bu3P was able to promote 
the formation of cyclohexyl acetate from cyclohexanol and 3 equivalences of acid 
anhydride with 88% conversion.67 The efficiency of this process was remarkable and 
comparable to those of DMAP catalysis.68 The reaction is believed to involve the 
formation of P-acylphosphonium carboxylates, which behave as activated 
electrophilic intermediates to capture the oxygen donors. 
The same group subsequently reported the first example of enantioselective acyl 
transfer reactions catalyzed by a chiral cyclic phosphine 1-161.69 The secondary 
alcohol 1-162 underwent acylation with significant enantioselectivity when the 
trans-2,5-dimethyl-1-phenylphospholane 1-161 was used to activate m-chlorobenzoic 
anhydride (Scheme 1.46), however, the conversion was poor. To tackle this problem, a 
variety of mono- and disubstituted phospholanes were developed. Among them, the 
2-phosphabicyclo-[3.3.0]octane (PBO) skeleton-based bicyclic phosphine 1-164a 
turned out to be much more effective, affording the acylation products 1-166 with 
impressive levels of enantioselectivity (Scheme 1.31).70 
                                                             
67  (a) Vedejs, E.; Diver, S. T. J. Am. Chem. Soc. 1993, 115, 3358. (b) Vedejs, E.; Bennett, N. S.; Conn, L. M.; 
Diver, S. T.; Gingrass, M.; Lin, S.; Oliver, P. A.; Peterson, M. J. J. Org. Chem. 1993, 58, 7286. 
68 Hofle, G.; Steglich, V.; Vorbruggen, H. Angew. Chem. Int. Ed. 1978, 17, 569. 
69 Vedejs, E.; Daugulis, O.; Diver, S. T. J. Org. Chem. 1996, 61, 430. 
70 (a) Vedejs, E.; Daugulis, O. Latv. Kim. Z. 1999, 1, 31. (b) Vedejs, E.; Daugulis, O. J. Am. Chem. Soc. 1999, 121,   
5813. (c) Vedejs, E.; Daugulis, O.; MacKay, J. A.; Rozners, E. Synlett 2001, 1499. 
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Scheme 1.46 Chiral phosphines-catalyzed enantioselective acylation of alcohols 
In contrast to the progresses accomplished in the kinetic resolutions of 
aryl-substituted and allylic secondary alcohols, the first desymmetrization of diols had 
not been explored until the year of 2004. Vedejs et al. implemented bicyclic 
phosphine 1-164b in the desymmetrization of meso-hydrobenzoin for the first time.71 
When benzoic acid anhydride was used in the presence of 1-164b, the desired product 
1-168 was obtained in 70% yield and with 94% ee, accompanied by the formation of 
dibenzoate 1-169 (Scheme 1.47). 
                                                              
71 Vedejs, E.; Daugulis, O.; Tuttle, N. J. Org. Chem. 2004, 69, 1389. 
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Scheme 1.47 The first phosphine-catalyzed desymmetrization of meso-hydrobenzoin 
 
1.3 Recent Advances of Chiral Phosphine Catalysis 
With the rapid advance of asymmetric organocatalysis, and in light of the diverse 
and versatile catalytic performance phosphines displayed in organic synthesis, the 
development of chiral phosphines for enantioselective processes has been attracted 
great attention in recent years. Early efforts were devoted to the design and 
application of monocyclic and bicyclic chiral phosphines, mainly through steric 
control. A number of chiral phosphines of this type will be discussed in section 1.3.1. 
More recently, development of chiral phosphines bearing additional functional groups, 
such as H-bonding donors, represents a new and more promising trend in nucleophilic 
catalysis. Several bifunctional phosphines based on different chiral scaffolds have 
been established for a number of asymmetric transformations. A key advantage of 
these phosphines lies in that the cooperative interactions between the functional 
groups in the catalysts and the reactants contribute not only to a more effective 
reaction activation, but also to a better stereochemical control.  
1.3.1 Chiral Mono- and Bicyclic Phosphines 
Chapter 1 Nucleophilic Phosphine Catalysis 
- 48 - 
 
Phosphines of this class are usually highly nucleophilic due to their common 
dialkyl- or trialkyl-substituted structures and thus ensuring high levels of catalytic 
activity. Moreover, their cyclic scaffolds provide a rigid and well-ordered phosphorus 
environment with appropriate distribution of sterically hindered and unhindered space 
regions, which is normally very crucial for the high stereocontrol attained in their 
catalyzed processes. Selected examples of chiral cyclic and bicyclic phosphines are 
shown in Figure 1.3. 
Vedejs and co-workers were among the first to develop cyclic and bicyclic chiral 
phosphines. They designed several bicyclic phosphines 1-164 for the enantioselective 
acyl transfer reaction and desymmetrization of diols (Schemes 1.46 and 1.47). The 
high catalytic activity of these phosphines was attributed to the endo arrangement of 
the aryl substituent on the phosphorus atoms.70 
 
Figure 1.3 Selected cyclic and bicyclic chiral phosphines 
Shortly after the seminal work on phosphine-mediated [3+2] annulation of 
allenoates by Lu,27 Zhang and co-workers explored a variety of chiral mono- and 
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bisphosphines for the asymmetric version of this transformation.72 Among them, 
structurally rigid P-chiral phosphabicyclo[2.2.1]heptane catalyst 1-170a turned out to 
be the best catalyst for the annulation reaction between allenoate 1-33 and acrylate 
1-175. Cyclopentene 1-176 was regiospecifically prepared in 88% yield and with 93% 
ee (Scheme 1.48). Although high level of enantioselectivities were attainable in most 
cases, the scope of olefins is limited to ,-unsubstituted acrylate esters and diethyl 
maleate. Nevertheless, this example represents the first enantioselective variant of 





CO2iBu 1-170a (10 mol%)
toluene, 0 oC
88% yield & 93% ee1-33 1-175
1-176
 
Scheme 1.48 The first enantioselective [3+2] annulation catalyzed by bicyclic phosphine 
1-170a 
The same type of bicyclic phosphine 1-170b was found to be effective for the 
first -addition of cyclic -ketoesters and analogous compounds.73 Allyl-substituted 
cyclopentanones or cyclohexanones 1-178 with quaternary stereogenic carbon centers 
were obtained in moderate yields and with up to 81% ee. Other prochiral nucleophiles, 
including 2-acylcyclopentanone and analogous -lactone, as well as 
2-cyanopropanoate, afforded products with 41-56% ee (Scheme 1.49). 
                                                             
72 Zhu, G.; Chen, Z.; Jiang, Q.; Xiao, D.; Cao, P.; Zhang, X. J. Am. Chem. Soc. 1997, 119, 3836. 
73 Chen, Z.; Zhu, G.; Jiang, Q.; Xiao, D.; Cao, P.; Zhang, X. J. Org. Chem. 1998, 63, 5631. 
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Scheme 1.49 The first asymmetric -addition catalyzed by bicyclic phosphine 1-170’ 
Marinetti et al. disclosed an elegant catalytic system based on ferrocenophane 
derivatives 1-171 for the Lu [3+2] annulation in 2008.74 The catalysts developed in 
this report represened a new class of bicyclic phosphines using a planar chiral 
ferrocene as chiral scaffold and expanded the olefin scope of [3+2] annulation to 
substituted ,-unsaturated esters and enones (Scheme 1.50). Two regioisomers 
1-180 and 1-180 could be synthesized in 63-87% yields and with excellent 
stereochemical control.  
 
Scheme 1.50 Enantioselective [3+2] annulation catalyzed by phosphine 1-171 
A set of other cyclic and bicyclic chiral phosphines, which were originally 
developed as ligands in transition-metal catalysis, are readily available for 
nucleophilic organocatalysis. In this regard, binaphthyl-based C2-symmetric chiral 
phosphines 1-172, first prepared by Gladiali et al. in 1994,75 were among the most 
powerful catalysts. Fu and coworkers utilized these ligands as nucleophilic catalysts 
                                                              
74 (a) Voituriez, A.; Panossian, A.; Fleury-Brégeot, N.; Retailleau, P.; Marinetti, A. J. Am. Chem. Soc. 2008, 130, 
14030. (b) Pinto, N.; Neel, M.; Panossian, A.; Retailleau, P.; Frison, G.; Voituriez, A.; Marinetti, A. Chem. Eur. J. 
2010, 16, 1033. 
75 (a) Gladiali, S.; Dore, A.; Fabbri, D.; De Lucchi, O.; Manassero, M. Tetrahedron: Asymmetry 1994, 5, 511. 
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in a number of asymmetric processes. As one of their earliest examples, they 
demonstrated the effectiveness of 1-172a in the annulation reaction between 
-substituted enones and allenoates, and functionalized cyclopentenes 1-178 were 
















Scheme 1.51 Enantioselective [3+2] annulation catalyzed by phosphine 1-172 
Fu and co-workers also applied phosphine 1-172a in the first enantioselective 
[4+2] annulation of Ts-imines with -substituted allenoates, which was initially 
discovered by Kwon.32 In the presence of 5 mol% of 1-172a, six-membered nitrogen 
heterocycles 1-181 were attainable in high yields and with excellent diastereo-and 
enantioselectivities.77 Notably, this system worked well for all the aromatic imines, 
while aliphatic imines were found to be unsuitable substrates. Moreover, the 
enantioselectivity was highly dependent on allene substituents. Only allenes bearing 
electron-deficient groups at ’ position were well tolerated, whereas only moderate 


















Scheme 1.52 The first enantioselective [4+2] annulation catalyzed by phosphine 1-172a 
Catalyst 1-172 was further utilized by the Fu group in the asymmetric -addition 
                                                             
76 Wilson, J. E.; Fu, G. C. Angew. Chem. Int. Ed. 2006, 45, 1426. 
77 Wurz, R. P.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 12234. 
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to allenoates. A series of nucleophiles were examined, including nitroalkenes,78a 
thios,78b,c and malonates,78d In particular, P-phenyl substituted phosphine 
1-172b-catalyzed addition of 1,3-dicarbonyl compounds to γ-substituted allenes are 
noteworthy (Scheme 1.53).78d The allylic malonate 1-182 was produced in 90% 
isolated yield in a high enantiomerically enriched form (94% ee). Moreover, different 
from other phosphine-catalyzed enantioselective -addition reactions,78a,b kinetic 
resolution of the allene was observed and the unreacted allene 1-71b was recovered in 
93% ee, which represented the first example of phosphine-mediated  kinetic 
resolutions of allenes. Furthermore, the resting state of the catalyst during the 
γ-addition process was determined be to 1-172b itself. The rate law for the reaction 
was first order in catalyst and in allene, and zero order in malonate. Finally, the ee 
values of the product were found to correlate linearly with the ee values of the catalyst. 
These observations suggested that the first step of the reaction is turnover-limiting 
step.  
 
Scheme 1.53 Catalytic asymmetric -additions of malonate esters to -substituted allene 
1-71b 
                                                              
78 (a) Smith, S. W.; Fu, G. C. J. Am. Chem. Soc. 2009, 131, 14231. (b) Sun, J.; C. Fu, G. C. J. Am. Chem. Soc. 2010, 
132, 4568. (c) Fujiwara, Y.; Sun, J. and Fu G. C. Chem. Sci. 2011, 2, 2196. (d) Sinisi, R.; Sun, J. and Fu G. C. 
PNAS, 2010, 107, 20652. (e) Chung, Y. K.; Fu, G. C. Angew. Chem. Int. Ed. 2009, 48, 2225. 
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The Fu group also developed an asymmetric intramolecular 
-addition/cyclization reaction based on phosphine 1-174a.78e This spirocyclic 
monophosphine was initially described by Zhou and co-workers as a ligand for the 
palladium-promoted allylation of aldehydes. 79 a In this study, an array of 
hydroxy-2-alkynoates 1-183 were prepared for the synthesis of chiral tetrahydrofurans 
and tetrahydropyrans catalyzed by 1-174a, and products 1-184 were obtained in good 










n = 1 78%, 87% ee
n = 2 90%, 92% ee  
Scheme 1.54 Enantioselective intramolecular -addition/cyclization of hydroxy-substituted 
2-alkynoates 
More recently, Tang and Zhou described an asymmetric intramolecular [3+2] 
annulation reaction of MBH carbonates with activated alkenes using 
spirobiindane-based chiral phosphine 1-174b (10 mol%) as the catalyst assisted by 
Ti(OiPr)4.79b Under the optimal condition, benzobicyclo [4.3.0] compounds were 
isolated in high to excellent yields and with high diastereo- and enantioselectivities 
(Scheme 1.55). This study represents the first enantioselective variant of annulation 
using MBH adducts as coupling partners.  
                                                             
79 (a) Zhu, S.-F.; Yang, Y.; Wang, L.-X.; Liu, B.; Zhou, Q.-L. Org. Lett. 2005, 7, 2333. (b) Wang, Q.-G.; Zhu, S.-F.; 
Ye, L.-W.; Zhou, C.-Y.; Sun, X.-L.; Tang, Y.; Zhou, Q.-L. Adv. Synth. Catal. 2010, 352, 1914. 
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Scheme 1.55 The first intramolecular asymmetric [3+2] annulation of MBH adducts 
Cocurrently with our report on the first phosphine-catalyzed intermolecular [3+2] 
annulation reaction employing MBH carbonates as C3 synthons, 80  Barbas and 
coworkers employed chiral phosphine (+)-Ph-BPE, 1-173 to promote the same 
transformation between methyleneindolinones 1-188 and MBH carbonates 1-129, 
affording complex spirocyclopentaneoxindoles 1-189 in good to excellent yields and 
with up to 99% ee (Scheme 1.56).81 Preliminary mechanism studies revealed that the 
second phosphine moiety might aid in controlling the stereochemistry probably 
through interaction with the carbonyl of the methyleneindolinone. 
 
Scheme 1.56 Formation of chiral spirocyclopentaneoxindoles via intermolecular [3+2] 
annulation of MBH adducts 
1.3.2 Chiral Phosphines with H-Bonding Functionalities 
The first bifunctional phosphine organocatalyst was developed in 2003 when Shi 
                                                              
80 Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837. 
81 Tan, B.; Candeias, N. R.; Barbas, C. F., III. J. Am. Chem. Soc. 2011, 133, 4672. 
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and co-workers reported a BINOL-derived chiral phosphine 1-190a for the 
asymmetric aza-MBH reaction of various N-Ts imines 1-40 with MVK (Scheme 
1.57).82a The MBH adducts could be isolated in good yields and with moderate to high 
ee values at -30 oC in the presence of molecular sieves. It was postulated that the 
phenolic OH acted as a Brønsted acid to stabilize phosphine enolate 1-193 as well as 
the successive sterically favored intermediate 1-194 via intramolecular hydrogen 
bonds, leading to the formation of the observed S-isomer. Further 1H and 31P NMR 
spectroscopic studies gave evidence to support the proposed coordinative operation of 



























79-92% ee1-40 1-191 1-192
proposed catalytic cycle  
Scheme 1.57 Asymmetric aza-MBH reactions promoted by BINOL-derived bifunctional 
phosphines 
                                                             
82 (a) Shi, M.; Chen, L.-H. Chem. Commun. 2003, 1310. (b) Shi, M.; Chen, L.-H.; Li, C.-Q. J. Am. Chem. Soc. 2005, 
127, 3790. (c) Shi, M.; Ma, G.-N.; Gao, J. J. Org. Chem. 2007, 72, 9779. (d) Shi, Y.-L.; Shi, M. Adv. Synth. Catal. 
2007, 349, 2129. (e) Qi, M.-J.; Ai, T.; Shi, M.; Li, G. Tetrahedron 2008, 64, 1181. (f) Guan, X.-Y.; Jiang, Y.-Q.; 
Shi, M. Eur. J. Org. Chem. 2008, 2150. (g) Shi, M.; Li, C.-Q. Tetrahedron: Asymmetry 2005, 16, 1385. (h) Lei, 
Z.-Y.; Liu, X.-G.; Shi, M.; Zhao, M. Tetrahedron: Asymmetry 2008, 19, 2058. (i) Lei, Z.-Y.; Ma, G.-N.; Shi, M. 
Eur. J. Org. Chem. 2008, 3817. (j) Shi, M.; Chen, L.-H.; Teng, W.-D. Adv. Synth. Catal. 2005, 347, 1781. (k) Liu, 
Y.-H.; Chen, L.-H.; Shi, M. Adv. Synth. Catal. 2006, 348, 973. (l) Liu, Y.-H.; Shi, M. Adv. Synth. Catal. 2008, 350, 
122. (m) Ma, G.-N.; Cao, S.-H.; Shi, M. Tetrahedron: Asymmetry 2009, 20, 1086. 
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Subsequently, the same group developed a series of BINOL-based bifunctional 
phosphines with various Brønsted acid moieties. Selected examples were illustrated in 
Figure 1.482c-m These multifunctional chiral phosphines, which contain Lewis basic 
and Brønsted acidic sites within one molecule, led to good-to-excellent reactivities 
and stereoselectivities in the asymmetric (aza)-MBH reaction and other related 
reactions. The nucleophilicity of the reactive center could be adjusted through varying 
nearby H-bond donors.83 
 
Figure 1.4 Selected BINOL scaffold-based bifunctional phosphines 
Shi and co-workers described a highly effective asymmetric allylic C-alkylation 
of 2-trimethylsiloxy furan with MBH adducts by using bifunctional phosphine 1-190b 
as the catalyst (Scheme 1.58).55b This transformation was first discovered by 
Krische.54b Under the optimal condition, optically active -butenolides 1-126 were 
furnished in good to excellent yields and ee values using water as an additive. The 
same group extended such a catalytic mode to other nucleophiles such as oxazolones, 
phthalimide, and phosphine oxide, and good reactivity and excellent 
                                                              
83 Wei, Y. and Shi, M. Acc. Chem. Res. 2010, 43, 1005. 
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Scheme 1.58 Asymmetric allylic alkylation of 2-trimethylsiloxy furan 
Bifunctional phosphine catalysts based on other chiral motifs were subsequently 
reported and their structures are shown in Figure 1.5. Cowen and Miller established 
that amino acid-derived chiral phosphine-amide 1-191 could effectively promote the 
Lu [3+2] cycloaddition of allenoate esters 1-194 with acyclic and cyclic enones 1-179 
in a highly stereochemical controlled manner (Scheme 1.59). 85  In a plausible 
mechanism, the authors proposed a six-membered cyclic transition state, where the 
zwitterionic enolate intermediate was stabilized by H-bond interactions with the N-H 
group of phosphine. Due to the steric shielding of phenyl rings on the catalyst, the 



























Figure 1.5 Bifunctional phosphines based on different chiral scaffolds 
                                                             
84 (a) Yang, Y.-L.; Pei C.-K. and Shi, M. Org. Biomol. Chem. 2011, 9, 3349. (b) Deng, H.-P.; Wei Y. and Shi, M. Eur. 
J. Org. Chem. 2011, 1956. (c) Deng H.-P. and Shi, M. Eur. J. Org. Chem. 2012, 183. 
85 Cowen, B. J.; Miller, S. J. J. Am. Chem. Soc. 2007, 129, 10988. 
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Scheme 1.59 Asymmetric [3+2] cycloaddition of allenoates and enones promoted by 
phosphine-amide catalyst 1-191 
Jacobsen et al developed a novel class of chiral cyclohexane-based 
phosphinethiourea catalysts with a tunable additional amino acid residue.86 Among 
them, catalyst 1-192 with an alanine unit turned out to be most effective for 
asymmetric imine-allene [3+2] annulation (Scheme 1.60). In this study, 
N-diphenylphosphinoyl (DPP) imines were employed as substrates, and the use of 
triethylamine and water as additives resulted in significant rate enhancement, which 






















Scheme 1.60 Asymmetric [3+2] annulations of allenoates and imines promoted by 
phosphine-thiourea catalyst 1-192 
Zhao and co-workers developed a new type of amino alcohol-derived 
                                                              
86 Fang, Y.-Q.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 5660. 
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bifunctional phosphines and applied them in the asymmetric Lu [3+2] annulation 
using dually activated olefins 1-198 as a coupling partner.87 The catalytic system 
based on phosphine 1-193 worked well with a broad range of olefins derived from 
aromatic aldehydes, providing optically active cyclopentenes 1-199 in 79-99% yields 
and with 70-99 enantioselectivities (Scheme 1.61). It was suggested that the catalyst 
assembles the allenoate by a synergistic action of its two functional groups to form a 
zwitterrion, and the dipolarophile may approach the zwitterion preferentially from the 


























Scheme 1.61 Asymmetric [3+2] annulation of dually activated olefins catalyzed by 1-193 
Contributions from other research groups, such as Sasai,88a Ito,88b Wu,88c and 
Liu,88d,e greatly advanced the field of bifunctional phosphine catalysis. In general, 
compared to the cyclic chiral phosphines, the additional H-bond functionalities are 
crucial for achieving high reactivity and stereoselectivity for a given transformation. 
Moreover, those catalysts are generally more readily available and easily tunable, thus 




87 Xiao, H.; Chai, Z.; Zheng, C.-W.; Yang, Y.-Q.; Liu, W.; Zhang, J.-K.; Zhao, G. Angew. Chem. Int. Ed. 2010, 49, 
4467. 
88 (a) Matsui, K.; Takizawa, S.; Sasai, H. Synlett 2006, 761. (b) Ito, K.; Nishida, K.; Gotanda, T. Tetrahedron Lett. 
2007, 48, 6147. (c) Yuan, K.; Zhang, L.; Song, H.-L.; Hu, Y.; Wu, X.-Y. Tetrahedron Lett. 2008, 49, 6262. (d) 
Garnier, J.-M.; Anstiss, C.; Liu, F. Adv. Synth. Catal. 2009, 351, 331. (e) Garnier, J.-M.; Liu, F. Org. Biomol. Chem. 
2009, 7, 1272. 
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1.4 Project Objectives and Overall Design 
The field of nucleophilic phosphine catalysis has advanced rapidly in the past 
decade. Owing to the unique properties of organophosphine compounds as 
organocatalysts, a number of novel transformations, as described above, have been 
discovered, providing access to various useful synthetic building blocks. The utilities 
of phosphine catalysis have also been demonstrated in the synthesis of many 
biologically important molecules, particularly spiro-, heterocyclic and polycyclic 
compounds from readily available materials. 
Despite great advances in the development of chiral phosphines, more efficient 
catalysts are highly desired and a number of key issues in this field need to be 
addressed urgently: a) limited chiral structural scaffolds. The known bifunctional 
chiral phosphines catalysts are derived from very limited chiral structural scaffolds, 
which are generally either expensive or not readily available; b) narrow reaction scope 
and low catalytic activity. The known chiral phosphines described in Section 1.3 only 
work well for limited types of reactions and meanwhile suffer from low efficiency, 
such as high catalyst loading, poor regio- or seteroselectivities. Therefore, design of a 
more versatile type of phosphine catalysts which can be readily derived from chiral 
pools that can promote a broad scope of reactions is highly desirable. 
Natural amino acids as chiral pool are obviously ideal scaffolds for design of 
organocatalysts because of their ready availability.89 Our group has been working on 
the development of multi-functional organocatalysts derived from natural amino acids 
                                                              
89 For related reviews, see: (a) Xu, L.-W.; Luo, J.; Lu, Y. Chem. Commun. 2009, 1807. (b) Xu, L.-W.; Lu, Y. Org. 
Biomol. Chem. 2008, 6, 2047. (c) Peng, F.; Shao, Z. J. Mol. Catal. A 2008, 285, 1. (d) Davie, E. A. C.; Mennen, S. 
M.; Xu, Y.; Miller, S. J. Chem. Rev. 2007, 107, 5759. 
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and their applications in asymmetric synthesis in the past few years. We have 
successfully uncovered several novel types of catalysts based on L-threonine and 
L-tryptophan, and demonstrated their effectiveness in a number of asymmetric 










































Figure 1.6 Organocatalysts based on amino acids developed by the Lu group 
These efficient catalysts testified that amino acids are privileged chiral 
backbones for derivatizing organocatalysts, whcih further motivated us to design 
amino acid-based novel bifunctional phosphines. Our designing principles are 
summarized in Figure 1.7. Simple functional group transformations convert the acid 
group into a phosphine, and the Brønsted acid site necessary for the bifunctional 
catalysts can be easily derived from the amino moiety. Proper selection of side chains 
then provides either steric or electronic tuning to the structures of the catalysts. 
Moreover, by connecting the phosphorus atom to a primary carbon, we anticipate 
higher nucleophilicity of the resulting chiral phosphines. Futhermore, to mimic the 
peptide structure of enzyme in biological system, we envisioned that by introducing 
                                                             
90 (a) Cheng, L.; Han, X.; Huang, H.; Wong, M. W.; Lu, Y. Chem. Commun. 2007, 4143. (b) Cheng, L.; Wu, X.; Lu, 
Y. Org. Biomol. Chem. 2007, 5, 1018. (c) Wu, X.; Jiang, Z.; Shen, H.-M.; Lu, Y. Adv. Synth. Catal. 2007, 349, 812. 
(d) Zhu, Q.; Lu, Y. Chem. Commun. 2010, 46, 2235. (e) Dou, X.; Han, X.; Lu, Y. Chem. Eur. J. 2012, 18, 85. (f) 
Luo, J.; Wang, H.; Han, X.; Xu, L.-W.; Kwiatkowski, J.; Huang, K.-W.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 
1861. (g) Han, X.; Kwiatkowski, J.; Xue, F.; Huang, K.-W.; Lu, Y. Angew. Chem. Int. Ed. 2009, 48, 7604. (h) Jiang, 
Z.; Lu, Y. Tetrahedron Lett. 2010, 51, 1884. 
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another amino acid residue, the dipeptide backbone would provide more efficient 
chiral communication with substrates. In this way, the substrate-interacting chiral 
pocket derived from the dipeptide could be easily tuned by varying the two side 
chains. Thus higher versatility and feasibility of catalyst would be realized.  
 
Figure 1.7 Design of amino acids-based novel phosphine catalysts. 
In the past few years, our group successfully discovered several effective 
L-threonine-based and peptide-derived multifunctional chiral phosphines. These 
phosphines displayed remarkably high efficiency in a wide range of enantioselective 
processes, such as MBH reaction,91a [3+2] annulation reactions of allenoates with 
acrylates, acrylamides, imines and maleimides.91b-e The following Chapters will 
provide detailed descriptions of the versatile applications our amino acid-based 
bifunctional phosphines in a range of organic transformations. 
                                                              
91 (a) Han, X.; Wang, Y.; Zhong, F.; Lu, Y. Org. Biomol. Chem. 2011, 9, 6734. (b) Han, X.; Wang, Y.; Zhong, F.; Lu, 
Y. J. Am. Chem. Soc. 2011, 133, 1726. (c) Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2012, 51, 
767. (d) Han, X.; Wang, S.-X.; Zhong, F.; Lu, Y. Synthesis 2011, 1859. (e) Zhao, Q.; Han, X.; Wei, Y.; Shi, M.; Lu, 
Y. Chem. Commun. 2012, 48, 970. 
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A series of novel bifunctional phosphinesulfonamide organic catalysts were designed and readily prepared from 
natural amino acids, and they were utilized to promote enantioselective aza-MBH reactions. L-Threonine-derived 
phosphinesulfonamide 2-9b was found to be the most efficient catalyst, affording the desired aza-MBH adducts in 
high yields and with excellent enantioselectivities.On the basis of computational studies, the intramolecular 
NH•••O hydrogen-bonding interaction between the sulfonamide and enolate groups was identified to be crucial in 











Chapter 2 Enantioselective aza-MBH Reaction 




Nucleophilic organic catalysts employing trivalent phosphines as Lewis bases 
are widely used in synthetic organic chemistry.1 Comparing with similarly substituted 
amines, phosphines are generally less basic and more nucleophilic, thus chiral 
phosphines often show unique catalytic activities in asymmetric synthesis.2 Despite 
tremendous applications of phosphine-catalyzed reactions in organic synthesis, 
development of chiral phosphine catalysts is still at its early stage, and design of 
highly efficient and readily available chiral phosphines remains to be a huge 
challenge.  
The MBH reaction and its aza counterpart (aza-MBH reaction) are among the 
most valuable reactions for the construction of densely functionalized products from 
simple precursors in a highly atom economic fashion.3 Considerable efforts have 
been devoted to the development of enantioselective versions of these reactions, and 
most successful examples are usually based on chiral amine catalysts. Hatakeyama et 
al. reported highly enantioselective MBH and aza-MBH reactions with 
hexafluoroisopropyl acrylate (HFIPA) catalyzed by a tertiary amine catalyst β- 
isocupreidine (β-ICD).4 Shi and co-workers employed the same catalyst in the 
                                                              
1  See refs. 8 in Chapter 1. 
2 For selected examples, see: (a) Zhu, G.; Chen, Z.; Jiang, Q.; Xiao, D.; Cao, P.; Zhang, X. J. Am. Chem. Soc. 1997, 
119, 3836. (b) Vedejs, E.; Daugulis, O. J. Am. Chem. Soc. 1999, 121, 5813. (c) Zhu, X.-F.; Lan, J.; Kwon, O. J. Am. 
Chem. Soc. 2003, 125, 4716. (d) Wurz, R. P.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 12234. (e) Wilson, J. E.; Fu, 
G. C. Angew. Chem. Int. Ed. 2006, 45, 1426. (f) Cowen, B. J.; Miller, S. J. J. Am. Chem. Soc. 2007, 129, 10988. (g) 
Fang, Y. Q.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 5660. (h) Jiang, Y.-Q.; Shi, Y.-L.; Shi, M. J. Am. Chem. 
Soc. 2008, 130, 7202. (i) Voituriez, A.; Panossian, A.; Fleury-Brégeot, N.; Retailleau, P.; Marinetti, A. J. Am. 
Chem. Soc. 2008, 130, 14030. (j) Smith, S. W.; Fu, G. C. J. Am. Chem. Soc. 2009, 131, 14231. (k) Chung, Y. K.; Fu, 
G. C. Angew. Chem. Int. Ed. 2009, 48, 2225. (l) Sun, J.; Fu, G. C. J. Am. Chem. Soc. 2010, 132, 4568. (m) Sinisi, 
R.; Sun, J.; Fu, G. C. Proc. Natl. Acad. Sci. USA 2010, doi:10.1073/pnas.1003597107. (n) Xiao, H.; Chai, Z.; 
Zheng, C.-W.; Yang, Y.-Q.; Liu, W.; Zhang, J.-K.; Zhao, G. Angew. Chem. Int. Ed. 2010, 49, 4467. 
3 See refs. 11 in Chapter 1. 
4 (a) Iwabuchi, Y.; Nakatani, M.; Yokoyama, N.; Hatakeyama, S. J. Am. Chem. Soc. 1999, 121, 10219. (b) Kawahara, 
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aza-MBH reactions with diverse activated olefins.5 Later, the group of Sasai applied 
BINOL-derived amine to promote the aza-MBH reaction.6 Raheem and Jacobsen also 
reported a thiourea-mediated aza-MBH reaction.7 More recently, Zhu et al. disclosed 
that a modified β-ICD bearing amide functionality (β-ICD amide) could be applied in 
aza-MBH reaction in the presence of β-naphthnol and excellent enantioselectivity was 
achieved with both aromatic and aliphatic sulfinyl imines.8 On the other hand, chiral 
phosphine-mediated enantioselective aza-MBH reactions are rather limited. In this 
context, elegant utilization of BINOL-derived phosphines by the groups of Shi, Sasai 
and Ito clearly demonstrated the enormous potential of chiral phosphines in 
asymmetric MBH reactions. 9   Herein, we demonstrate that amino acid-based 
bifunctional phosphines could effectively catalyze aza-MBH with excellent 
enantiomeric control. 
 
2.2 Results and Discussion 
2.2.1 Catalyst Design and Synthesis 
Our group has been investigating primary amino acid-based asymmetric 
organocatalytic synthetic methods in the past few years,10 and asymmetric amino 
                                                                                                                                                                              
S.; Nakano, A.; Esumi, T.; Iwabuchi, Y.; Hatakeyama, S. Org. Lett. 2003, 5, 3103. 
5 (a) Shi, M.; Xu, Y.-M. Angew. Chem. 2005, 114, 4689; Angew. Chem. Int. Ed. 2005, 41, 4507. (b) Shi, M.; Xu, 
Y.-M.; Shi, Y.-L. Chem. Eur. J. 2005, 11, 1794. (c) Shi, M.; Qi, M.-J.; Liu, X.-G. Chem. Commun. 2008, 6025. 
6 (a) Matsui, K.; Takizawa, S.; Sasai, H. J. Am. Chem. Soc. 2005, 127, 3680. (b) Matsui, K.; Tanaka, K.; Horii, A.; 
Takizawa, S.; Sasai, H. Tetrahedron: Asymmetry 2006, 17, 578. 
7 Raheem, I. T.; Jacobsen, E. N. Adv. Synth. Catal. 2005, 347, 1701. 
8 (a) Abermil, N.; Masson, G.; Zhu, J. J. Am. Chem. Soc. 2008, 130, 12596. (b) Abermil, N.; Masson, G.; Zhu, J. Org. 
Lett. 2009, 11, 4648. 
9 (a) Shi, M.; Chen, L.-H. Chem. Commun. 2003, 1310. (b) Shi, M.; Chen, L.-H.; Teng, W.-D. Adv. Synth. Catal. 
2005, 347, 1781. (c) Shi, M.; Chen, L.-H.; Li, C.-Q. J. Am. Chem. Soc. 2005, 127, 3790. (d) Liu, Y.-H.; Chen, 
L.-H.; Shi, M. Adv. Synth. Catal. 2006, 348, 973. (e) Matsui, K.; Takizawa, S.; Sasai, H. Synlett 2006, 761. (f) Ito, 
K.; Nishida, K.; Gotanda, T. Tetrahedron Lett. 2007, 48, 6147. 
10 See refs. 90 in Chapter 1. 
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catalysis via chiral primary amines has been established as a powerful and versatile 
tool in asymmetric synthesis.11 To further expand amino acid-based asymmetric 
catalysis, we were interested in establishing novel chiral phosphines based on simple 
amino acid scaffolds. Bifunctional catalytic systems have been widely used in organic 
chemistry, and the synergistic interactions of two functionalities have been proven to 
be extremely powerful in asymmetric catalysis. We envisioned that novel bifunctional 
phosphine catalysts can be easily derived from natural amino acids, and the designing 
principles are summarized in Figure 2.1. Simple functional group transformations 
convert the acid group into a phosphine, and the Brønsted acid site necessary for the 
bifunctional catalysts can be easily derived from the amine moiety. Proper selection 
of side chains then provides either steric or electronic tuning to the structures of the 
catalysts. Moreover, by connecting the phosphorus atom to a primary carbon, we 
anticipate higher nucleophilicity of the resulting chiral phosphines. Using L-valine 
and L-threonine as starting chiral sources, a series of bifunctional chiral phosphines 
(2-42-9) bearing different Brønsted acid functionalities (Figure 2.2) were prepared 
through several steps transformations.  
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2-5
2-9f: R = 2-naphthyl
2-9g: R = 2,4,6-Me-Ph
2-9h: R = 4-F-Ph




























2-9a: R = TBS
2-9b: R = TDS
2-9c: R = TBDPS
2-9d: R = TIPS




Figure 2.2 Structures of phosphine catalysts synthesized from amino acids 
Phosphine thiourea 2-4, carbamate 2-5 and amide 2-6 were prepared from known 
compound (S)-1-(diphenylphosphino)-3-methylbutan-2-amine 12  by treatment with 
isothiocyanate, di-tert-butyl dicarbonate and acetic anhydride, respectively. Synthetic 
route for bifunctional phosphine-sulfonamides 2-9 from L-threonine is illustrated in 
Scheme 2.1, as examplified by preparation of 2-9a and 2-9b. Alcohol 2-9a-1 was 
obtained through esterification, tosylation, silylation and ester reduction from 
L-threonine.13 Subsequent mesylation and aziridination under basic condition yielded 
compound 2-9a-2, which underwent ring opening via nucleophilic addition of sodium 
diphenylphosphine and afforded catalyst 2-9a. Sulfonamides 2-9b was prepared 
through deprotection of TBS group of 2-9a and silylation under imidazole/DMF 





Chapter 2 Enantioselective aza-MBH Reaction 
- 68 - 
 
 
Scheme 2.1 Synthetic route for preparation of phosphine 2-9a and 2-9b 
2.2.2 Reaction Optimization 
The aza-MBH reaction between imines and acrylates was chosen as a model 
reaction, and the results are summarized in Table 2.1. Phosphine-thiourea 2-4 gave 
poor results (entry 1). While catalyst 2-5 with a Boc group was completely ineffective, 
phosphine-amide 2-6 was able to catalyze the reaction, although in very low ee 
(entries 2 and 3). Phosphine-sulfonamide catalyst 2-7 was found to display certain 
reactivity and selectivity (entry 4). We next varied sulfonamide protections on the 
imine nitrogen and also employed different acrylates (entries 5 to 8). To our delight, 
by combining N-(p-methoxybenzenesulfonyl)imine and 2-naphthyl acrylate, 
phosphine-sulfonamide 2-7 led to the formation of aza-MBH adduct in excellent yield 
and with moderate enantioselectivity (entry 8). We reasoned that the isopropyl side 
chain from valine may not provide enough steric control in the asymmetric induction, 
and with our success in threonine-based catalytic systems, we decided to synthesize 
serine-derived catalyst 2-8 and a number of threonine-based phosphinesulfonamides 
2-9a to 2-9i, in which various siloxy groups14 were introduced. Threonine core 
proved to be superior to that of serine (entry 9 versus entry 8). Similar 
enantioselectivities were observed with bulky siloxy groups, and thexyldimethylsilyl 
                                                              
14  Xu, L.-W.; Li, L.; Shi, Z.-H. Adv. Synth. Catal. 2010, 352, 243. 
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(TDS) group was chosen as it gave marginally better results (entries 9-12). 
Exploration of different sulfonamides in the catalyst structures failed to improve the 
results (entries 14-17). The enantiomeric excess could be further improved by 
lowering the reaction temperature (entry 18). When the reaction was performed at -30 
oC for 2 days, the desired aza-MBH adduct was obtained in 89% yield and with 91% 
ee (entry 19). 








THF, rt, 24 h
cat. (10 mol %)
2-1a: R1 = Me
2-1b: R1 = OMe
2-2a: R2 = Me
2-2b: R2 = Ph










entrya R1/R2 cat. yield (%)b ee (%)c 
1 Me/Me 2-4 28 -13 
2 Me/Me 2-5 - - 
3 Me/Me 2-6 49 23 
4 Me/Me 2-7 42 40 
5 Me/Ph 2-7 40 55 
6 Me/2-naphthyl 2-7 63 57 
7 OMe/2-naphthyl 2-7 90 57 
8 OMe/2-naphthyl 2-8 90 64 
9 OMe/2-naphthyl 2-9a 88 71 
10 OMe/2-naphthyl 2-9b 90 74 
11 OMe/2-naphthyl 2-9c 93 73 
12 OMe/2-naphthyl 2-9d 94 73 
13 OMe/2-naphthyl 2-9e 91 64 
14 OMe/2-naphthyl 2-9f 87 74 
15 OMe/2-naphthyl 2-9g 90 72 
16 OMe/2-naphthyl 2-9h 43 67 
17 OMe/2-naphthyl 2-9i 88 60 
18d OMe/2-naphthyl 2-9b 95 89 
19e OMe/2-naphthyl 2-9b 89 91 
a Reactions were carried out with 2-1 (0.05 mmol), 2-2 (0.1 mmol for 2-2a and 0.06 mmol for 
2-2b, 2-2c) and catalyst (0.005 mmol) in dry THF (0.1 mL at rt or 0.2 mL at -20 oC or 0.25 mL at 
-30 oC) under N2. b Isolated yield. c Determined by HPLC analysis on a chiral stationary phase. d 
Reaction was performed with 20 mol % catalyst at -20 oC for 48 h. e  Reaction was performed 
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with 20 mol % catalyst at -30 oC for 48 h. 
The effects of different solvents on the reactions were next studied and the 
results are shown in Table 2.2. In general, reactions proceeded well in common 
aprotic solvents except hexane, in which imine substrate has extremely low solubility. 
Ether solvents, such as THF, 1,4-dioxane, Et2O were found to be suitable reaction 
media, affording the products with high enantioselectivity. Performing reactions in 
DMF resulted in dramatic drop in both yield and enantioselectivity. Protic solvents are 
in general unsuitable, decomposition of imine and 2-naphthyl acrylate was observed. 
THF was clearly the best solvent and thus was chosen for our following 
investigations. 
Table 2.2 Solvent Screening for the Bifunctional Phosphine-Catalyzed aza-MBH Reactions 
 
entrya solvent yield (%)b ee (%)c 
1 THF 90 74 
2 CHCl3 91 71 
3 CH2Cl2 93 65 
4 CH3CN 95 53 
5 toluene 95 70 
6 1,4-dioxane 89 74 
7 hexane trace - 
8 Et2O 65 67 
9 acetone 80 64 
10 DMF 58 49 
11a MeOH trace - 
12 i-PrOH 58 45 
a Reactions were carried out with 2-1b (0.05 mmol), 2-2c (0.06 mmol ) and 2-9b (0.005 mmol) in 
the solvent (0.1 mL) specified under N2. b Isolated yield. c Determined by chiral phase HPLC 
analysis. 
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2.2.3 Substrate Scope 
With the optimized reaction conditions in hand, the scope of the aza-MBH reaction 
was evaluated (Table 2.3). Aromatic imines were suitable substrates, and the reactions 
were completed in 2 days, affording the desired products in excellent chemical yields 
and with very high enantioselectivities. Notably, the reaction was applicable to the 
ortho-substituted aromatic imines, which are well-known difficult substrates for the 
aza-MBH reaction, and the products were obtained in nearly quantitative yields and 
with up to 97% ee (entries 11-4), which are by far the best enantioselectivity 
attainable for the ortho-substituted substrates. In addition, imines with heterocyclic 
rings were also applicable, 95% to 96% ee were observed (entries 15-16). Less 
satisfactory results were obtained for a cyclohexyl imine.15 
Table 2.3 Enantioselective aza-MBH Reactions of Various Imines 2-1 and Acrylate 2-2c 






entrya product (R) yield (%)b ee (%)c 
1 2-3a (Ph) 89 91 
2 2-3b (4-Me-Ph) 91 90 
3 2-3c (4-Et-Ph) 90 91 
4 2-3d (4-F-Ph) 96 92 
5 2-3e (4-Br-Ph) 95 92 
6 2-3f (4-Cl-Ph) 84 93 
7 2-3g (4-CF3-Ph) 93 90 
8 2-3h (4-NO2-Ph) 84 92 
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10 2-3j (3-Cl-Ph) 85 90 
11 2-3k (2-CF3-Ph) 95 97 
12 2-3l (2-Cl-Ph) 95 90 
13 2-3m (2-Br-Ph) 93 90 
14 2-3n (2-F-Ph) 95 91 
15 2-3o (2-furyl) 93 95 
16 2-3p (2-thiophenyl) 95 96 
17 2-3q (2-naphthy) 76 88 
a Reactions were performed with imine 2-1 (0.05 mmol), 2-naphthyl acrylate 2-2c (0.06 mmol) 
and catalyst 2-9b (0.01 mmol) in freshly distilled THF (0.25 mL) under N2. b Isolated yield. c 
Determined by chiral phase HPLC analysis.  
2.2.4 Mechanistic Investigations and Computational Studies 
The Brønsted acidic sulfonamide and nucleophilic phosphine in our bifunctional 
catalysts are both indispensable and work cooperatively in promoting enantioselective 
aza-MBH reactions. When N-methylated sulfonamide 2-10 was employed as the 
catalyst, the reaction became slower and enantioselectivity was dramatically 
decreased (Scheme 2.2). This result suggested that the H-bond donor moiety in the 
catalyst contribute significantly to the reaction and is crucial for the asymmetric 
induction. On the other hand, phosphine 2-11 containing 
N-trifluoromethanesulfonamide was found to be a very poor catalyst, giving the 
product in low yield and with virtually no enantioselectivity, which may be attributed 
to the over-stabilization of the enolate intermediate by highly acidic N-H in the 
sulfonamide or formation of protonated form of the enolate intermediate. 
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Scheme 2.2 aza-MBH reaction catalyzed by different catalysts 
Despite their enormous applications, the mechanism of the MBH/aza-MBH 
reactions is not entirely clear. Nevertheless, important insights were gained by recent 
elegant kinetic and theoretic studies,16,17 which have favored the reaction profiles 
where the intramolecular proton transfer from the -carbon atom to the neighboring 
anion (O or N) is the rate-determining step (RDS). This is in contrast to the earlier 
proposed mechanisms where the addition of enolate to electrophiles has been 
considered as the RDS. 18  Since our novel bifunctional phosphinesulfonamide 
catalysts have led to superior asymmetric induction in the aza-MBH reactions of 
various imines and acrylates, we became very interested in finding out the potential 
roles that different functional groups of our catalyst might play. In an effort to address 
these issues, a plausible mechanism has been investigated by density functional theory 
(DFT) methods19 (Figure 2.3). 
                                                             
16 (a) Aggarwal, V. K.; Fulford, S. Y.; Lloyd-Jones, G. C. Angew. Chem. 2005, 117, 1734; Angew. Chem. Int. Ed. 
2005, 44, 1706. (b) Price, K. E.; Broadwater, S. J.; Jung, H. M.; McQuade, D. T. Org. Lett. 2005, 7, 147. (c) Price, 
K. E.; Broadwater, S. J.; Walker, B. J.; McQuade, D. T. J. Org. Chem. 2005, 70, 3980. (d) Buskens, P.; 
Klankermayer, J.; Leitner, W. J. Am. Chem. Soc. 2005, 127, 16762. (e) Kraft, M. E.; Haxell, T. F. N.; Seibert, K. A.; 
Abboud, K. A. J. Am. Chem. Soc. 2006, 128, 4174. (f) Amarante, G. W.; Milagre, H. M. S.; Vaz, B. G.; Vilacha 
Ferreira, B. R.; Eberlin, M. N.; Coelho, F. J. Org. Chem. 2009, 74, 3031. (g) Amarante, G. W.; Benassi, M.; 
Milagre, H. M. S.; Braga, A. A. C.; Maseras, F.; Eberlin, M. N.; Coelho, F. Chem. Eur. J. 2009, 15, 12460. (h) 
Santos, L. S.; Pavam, C. H.; Almeida, W. P.; Coelho, F.; Eberlin,  M. N. Angew. Chem. 2004, 116, 4430; Angew. 
Chem. Int. Ed. 2004, 43, 4330. 
17 (a) Roy, D.; Sunoj, R. B. Org. Lett. 2007, 9, 4873. (b) Roy, D.; Sunoj, R. B. Chem. Eur. J. 2008, 14, 10530. (c) Roy, 
D.; Patel, C.; Sunoj, R. B. J. Org. Chem. 2009, 74, 6936. (d) Robiette, R.; Aggarwal, V. K.; Harvey, J. N. J. Am. 
Chem. Soc. 2007, 129, 15513. (e) Fan, J.-F.; Yang, C.-H.; He, L.-J. Int. J. Quan. Chem. 2009, 109, 1311. (f) Xu, J. 
J. Mol. Struct. (Theochem) 2006, 767, 61. (g) Amarante, G. W.; Benassi, M.; Milagre, H. M. S.; Braga, A. A. C.; 
Maseras, F.; Eberlin, M. N.; Coelho, F. Chem. Eur. J. 2009, 15, 12460. (to remove, redundant) (h) Dong, L.; Qin, 
S.; Su, Z.; Yang, H.; Hu, C. Org. Biomol. Chem. 2010, 8, 3985. 
18 Hill, J. S.; Isaacs, N. S. J. Phys. Org. Chem. 1990, 3, 285. 
19 DFT calculations were performed by employing the Gaussian 09 program. The B3LYP method was applied; and 
6-31G** Pople basis set the rest of atoms. For reviews, see: (a) Frisch, M. J. et al. Gaussian 09, revision A.02; 
Gaussian, Inc., Wallingford, C. T, 2009. (b) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (c) Lee, C. T.; Yang, W. 
T.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (d) Ditchfie, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54, 724. 
(e) Hehre, W. J.; Ditchfie, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257. (f) Harihara, P. C.; Pople, J. A. Theor. 
Chim. Acta 1973, 28, 213. 
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The first step of the reaction is the reversible conjugate addition of phosphine 
(2-9b) to the acrylate (2-2c) to generate the zwitterionic intermediate, a phosphonium 
enolate (It I). It was found that the hydrogen bonding interaction between the 
Brønsted acid moiety of the catalyst and the carbonyl group of the acrylate20 not only 
activates the acrylate for the nucleophilic attack by the phosphine group (via transition 
state TS I), but also leads to the formation of a structurally well-defined intermediate 
(It I), where the enolate anion is stabilized by an N-H···O H-bond interaction (Fig. 
2.4). Examining the geometry of It I revealed the following important information: 1) 
Unlike other standard tertiary amine or phosphine catalysts that might form both cis 
and trans enolates, the N-H···O hydrogen bonding only induces the formation of the 
trans enolate. 2) The rigid structure of It I has its bottom face blocked by the 
phosphonium group, only allowing the electrophiles to approach from the top face. 3) 
The presence of the bulky OTDS moiety forces the N-Ts group to stand out of the 
enolate plane, providing confined spatial arrangement for the incoming imine. It can 
be conceived that when a substituent much smaller than OTDS is employed, the N-Ts 
group can be relaxed and should then have less steric effect on the enantioselectivity. 
This is consistent with experimental observations; the MBH adduct was obtained in 
64% ee when OTMS-derived catalyst 2-9e was employed, in contrast to a 74% ee 
attainable with OTDS-derived 2-9b under otherwise identical reaction conditions 
(entry 13 versus 10, Table 2.1). 
                                                              
20 Such H-bonding interaction was supported by 1H NMR analysis. The chemical shift corresponding to 
sulfonamide NH disappeared upon mixing 9b with acrylate 2c, and such resonance remained unchanged when 9b 
and 1b were mixed up. 
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Figure 2.3 A plausible mechanism with proposed H-bond interactions 
 
Figure 2.4 The B3LYP/6-31G** gas phase geometries of the PC bond formation transition 
state and the resulting intermediate. Atoms are color-coded: grey: carbon, white: hydrogen, 
blue: nitrogen, red: oxygen, orange: phosphorus, cadet blue: silicon. None hydrogen-bonded 
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hydrogen atoms are omitted for clarity, except those on the acrylate core (the same color 
codes are also applied in the following Figures).  
Once It I is formed, the next step is CC bond formation. As the geometry of It I 
is locked and the bottom face of the enolate group is blocked, we hypothesize that the 
enolate can only approach imine from the top face in this crucial bond forming step, 
and the individual R- or S- configured intermediates will be generated from enolate 
attacking imine at it Si or Re face, respectively. The energy of the calculated transition 
state TS IIR (12.9 kcal/mol) is 3.3 kcal/mol lower than that of TS IIS (16.2 kcal/mol), 
suggesting that it is more favorable for the enolate to approach the imine from its Si 
face. (Figure 2.5 and Table 2.4). The diastereomeric intermediates generated from the 
CC bond formation through TS IIR and TS IIS also show that It IIR (10.8 kcal/mol) 
is 3.6 kcal/mol more stable than It IIS (14.4 kcal/mol). For this step, the transition 
state with a lower energy generates a more stable intermediate. 
 
Figure 2.5 The B3LYP/6-31G** gas phase geometries of the optimized transition states for 
the aza-MBH reactions. R and S denote the pathways leading to R- and S-final product, 
respectively. 
The CC bond formation is then followed by the 1,3-proton transfer from the 
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-carbon to the nitrogen anion. As depicted in Figure 2.6, four-membered transition 
states, TS IIIR and TS IIIS, were located with relative energies of 37.7 and 42.9 
kcal/mol, respectively. While the calculated energies are rather high, they are in good 
agreement with those in the recent computational studies for model MBH and 
aza-MBH reactions in the gas phase (up to 60+ kcal/mol).17 After the intramolecular 
proton transfer, enolates IT IIIR and IT IIIS were formed with a smaller energy 
difference of 1.3 kcal/mol (8.4 vs. 9.7 kcal/mol). The subsequent -elimination of It 
III and PC bond cleavage reaction to release the product and to regenerate the 
catalyst would proceed through transition states TS IVR and TS IVS, with very 
similar energy. These observations show that in the gas phase (in the absence of 
solvent and other protic media), the proton transfer step is the RDS, and the transition 
state leading to the experimentally observed product is 5.2 kcal/mol lower than that of 
the other enantiomer. 
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Figure 2.6. The B3LYP/6-31G** gas phase geometries of the optimized transition states for 
the proton transfer and PC bond cleavage reactions.  
Since the reaction intermediates and transition states are all zwitterions with 
charge separation, solvent effects of THF were examined by single-point calculations 
on the B3LYP/6-31G** gas-phase optimized geometries using the polarizable 
continuum model with the integral equation formalism variant (IEFPCM) at the 
mPW1PW91/6-31+G** level.21,22 The results are summarized in Table 2.4. Energies 
computed at the mPW1PW91/6-31+G** level showed a substantial reduction in the 
gas-phase barriers for both the enolate (It I) formation and the proton transfer, but the 
overall reaction profile is still qualitatively similar to that in the gas phase, indicating 
that the gas phase calculations have successfully mapped the relative energies of 
intermediates and transition states for predicting their selectivities.  
The role of trace amount of water may have profound effects on the mechanism of the 
MBH and aza-MBH reactions, as the water molecule could serve as a proton shuttle 
to assist the proton transfer process to avoid the four-membered transition state which 
induces a higher strain. The influence of hydrogen-bond donors, e.g. protic solvents, 
products or additives, on the acceleration of the rates of the MBH reactions has been 
well documented in the literature. The participation of catalytic quantity of alcohol in 
the proton transfer step in the MBH reactions has been proposed,16a and later was 
supported by the computational work by Aggarwal and Harvey.17d The groups of 
                                                              
21 (a) Miertuš, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117-29. (b) Miertuš, S.; Tomasi, J. Chem. Phys. 
1982, 65, 239-245. 
22 (a) Perdew, J. P. In Electronic Structure of Solids ’91; Ziesche, P., Eschig, H., Eds.; Akademie Verlag: Berlin, 1991; 
p 11 (b) Adamo, C.; Barone, V. J. Chem. Phys. 1998, 108, 664 (c) Lynch, B. J.; Zhao, Y.; Truhlar, D. G J. Phys. 
Chem. A 2003, 107, 1384. 
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Sunoj,17b Fan,17e and Hu17g also identified that water (or small protic molecules such 
as methanol) could reduce the transition state energy barrier for the proton transfer 
step, and to certain extent that the non-water-assisted CC bond formation step 
becomes the RDS.17g Sunoj and coworkers further reported the first comprehensive 
work on the effect of water in the aza-MBH reactions and reached a similar 
conclusion.17c Since trace amount of water cannot be completely eliminated from our 
reaction conditions, the role of water in this enantioselective reaction was also 
examined. TS IIIR-W and TS IIIS-W were located to share a similar six-membered 
core transition state structure (Figure 2.7). Indeed, the energies of water-assisted 
transition states were found to be considerably lower than those of direct proton 
transfer processes (12.2 and 19.0 vs. 37.7 and 42.9 kcal/mol in the gas phase, and 11.8 
and 19.1 vs. 23.2 and 31.1 kcal/mol in THF, for R and S isomers, respectively). 
However, one must consider the similar stabilization effects on all the intermediates 
and transition states in order to make a fair comparison of the overall activation 
energy barriers between the water and non-water-assisted processes. The influence of 
water was modeled by adding one water molecule to all the structures through either 
an XH···OH2 or X···HOH (X = N or O) hydrogen bond and by identifying the most 
stable interaction. When considering the reference energy of the separated catalyst 
and reactants, 2-9b-H2O was chosen since water and 2-9b formed the most stable 
interaction than those of water and other reactants. The computed energies suggest 
that when one water molecule participates in the aza-MBH reaction, 1) the activation 
energy barriers of proton transfer are reduced to 24.3 and 31.7 kcal/mol from 37.7 and 
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42.9 kcal/mol for reactions leading to the R- and S-configured product, respectively; 2) 
The RDS should likely remain the proton transfer process, although the energy 
difference between the CC bond formation and proton transfer steps becomes 
smaller,17c,d 3) the calculated enantioselectivity remains high (Figure 2.8). Again, 
results for reactions in THF using the PCM model at the mPW1PW91/6-31+G** level 
showed a similar trend. 
 
Figure 2.7 The B3LYP/6-31G** gas phase geometries of the optimized transition states for 
the water-assisted proton transfer reactions. 
Table 2.4 Summary of Relative Energies for the Proposed aza-MBH Mechanism 
Non-water 
assisted 




0.0 0.0 9b-W -12.7 0.1 
TS I 13.0 13.0 TS I-W -4.1 5.6 
It I 12.2 7.9 It I-W 2.7 5.1 
TS IIR 12.9 6.1 TS IIR-W 1.2 5.2 
TS IIS 16.2 8.3 TS IIS-W 7.2 8.3 
It IIR 10.8 -10.5 It IIR-W -7.3 -15.4 
It IIS 14.4 -8.4 It IIS-W 0.1 -12.1 
TS IIIR 37.7 23.2 TS IIIR-W 11.6 11.8 
TS IIIS 42.9 31.1 TS IIIS-W 19.0 19.1 
It IIIR 8.4 -7.7 It IIIR-W -7.4 -7.1 
It IIIS 9.7 -2.7 It IIIS-W 0.9 0.0 
TS IVR 10.1 -0.1 TS IVR-W -2.4 0.8 
TS IVS 10.6 0.2 TS IVS-W 6.1 6.6 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 81 - 
 
Product (3a) -2.7 -15.9 3a+9b-W -15.4 -15.8 
a Relative energy to starting materials in kcal/mol with ZPE correction. b Single point energies in 
THF at the PCM/mPW1PW91/6-31+G** level on the B3LYP/6-31G** gas-phase optimized 
geometries. 
 
Figure 2.8 Calculated energies at the B3LYP/6-31G** level for the non-water-assisted and 
water-assisted reaction pathways. The energies for water-assisted reactions were referenced to 
2-9b-W. 
In light of the DFT results, the influences of adding various external proton donors on 
the reactions were investigated experimentally, and the results are summarized in 
Table 2.5. Rate acceleration was observed in the presence of additional water, with no 
influence on the observed enantioselectivity.23 The presence of 10 mol% external 
i-PrNHTs, which mimics the sulfonamide moiety in catalyst 2-9b, virtually did not 
affect the reaction (entry 5). Increasing the amount of i-PrNHTs to 100 mol%, or 
adding a stronger H-bond donor i-PrNHTf (100 mol%) also did not have much 
                                                             
23 For comparison, the 2-9b-catalyzed aza-MBH reactions between 2-1b and 2-2c were performed under strictly 
anhydrous conditions and with the addition of 10 molar equivalence of water (relative to 2-9b) for 2 h, a 35% 
conversion and a 42% conversion were observed, respectively. 
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influence (entries 6-7). As the products contain the sulfonamide group, 2-3h was used 
as an additive, and the negligible difference observed seems to suggest that 
autocatalysis may not be significant in our reactions (entry 8). Taken together, these 
results suggested that the addition of external proton donors did not significantly 
affect the stereoselectivities of the aza-MBH reactions, which was in an agreement 
with our computational findings that the key intramolecular NH···O H-bond 
interaction is crucial in maintaining the rigid structure of intermediate it I, ensuring 
high degree of stereocontrol in both enolate addition and proton transfer steps. 





Entrya Additive Yield (%)b ee (%)c 
1 - 95 74 
2 H2O (10 mol%) 93 74 
3 H2O (100 mol%) 93 73 
4 CH3OH (10 mol%) 93 74 
5 i-PrNHTs (10 mol%) 93 73 
6 i-PrNHTs (100 mol%) 90 73 
7 i-PrNHTf (100 mol%) 91 72 
8 2-3h (100 mol%) 93 73 
a Reactions were performed with imine 2-1b (0.05 mmol), 2-naphthyl acrylate 2-2c (0.06 mmol) 
and catalyst 2-9b (0.005 mmol) in dry THF (0.1 mL) under N2. b Isolated yield. c Determined by 
chiral phase HPLC analysis. 
 
2.3 Conclusions 
In conclusion, we have introduced a novel class of bifunctional phosphine 
catalysts. In particular, we have derived a series of phosphinesulfonamide 
bifunctional catalysts from natural amino acids. The effectiveness of our catalysts has 
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been demonstrated in highly enantioselective aza-MBH reactions. Computational 
studies were carried out to elucidate the reaction mechanism and understand the 
observed stereoselectivity. An intramolecular hydrogen bonding interaction between 
NH of the sulfonamide moiety and the oxygen of the enolate was found to be crucial 
in maintaining the structural rigidity of the phosphoniumenolate intermediate It I, 
which then dictated the approach of the incoming imine electrophile, yielding the 
major stereoisomer of the final aza-MBH product. The presence of the water 
molecules was found to lower the transition state energies for the proton transfer steps, 
yet water molecules did not affect the excellent enantioselectivities of the aza-MBH 
reactions. 
 
2.4 Experimental section 
2.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were 
dried and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 
were distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior 
to use. All the solvents used in reactions involving phosphorous-containing 
compounds were de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a 
Bruker ACF300 or AMX500 (500 MHz) spectrometer. Chemical shifts were 
reported in parts per million (ppm), and the residual solvent peak was used as an 
internal reference: proton (chloroform δ 7.26), carbon (chloroform δ 77.0). 
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Multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), 
m (multiplet), dd (doublet of doublet), br (broad singlet). Coupling constants were 
reported in Hertz (Hz). Low resolution mass spectra were obtained on a 
Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/MAT 95XL- T mass 
spectrometer in FAB mode. All high resolution mass spectra were obtained on a 
Finnigan/MAT 95XL- T spectrometer. For thin layer chromatography (TLC), Merck 
pre- coated TLC plates (Merck 60 F254) were used, and compounds were visualized 
with a UV light at 254 nm. Further visualization was achieved by staining with 
iodine, or ceric ammonium molybdate followed by heating on a hot plate. Flash 
chromatographic separations were performed on Merck 60 (0.040- 0.063 mm) mesh 
silica gel. The enantiomeric excesses of products were determined by chiral-phase 
HPLC analysis, using a Daicel Chiralcel IC-H column (250 x 4.6 mm), or Chiralpak 
OD-H column, or IA column (250 x 4.6 mm). 
Aromatic and aliphatic N-sulfonylated imines were prepared following the 
literature procedures. 24 , 25  The absolute configuration of 2-3a was assigned by 
comparing its specific rotation with that of the same compound reported in the 
literature,26 and the configurations of other aza-Morita-Baylis-Hillman adducts were 
assigned by analogy. 
2.4.2 Catalysts Preparation 
(S)-1-(1-(Diphenylphosphino)-3-methylbutan-2-yl)-3-(4-fluorophenyl)thiourea 2-4 
                                                              
24 Hayashi, T.; Ishigedani, M. J. Am. Chem. Soc. 2000, 122, 976. 
25 Chemla, F.; Hebbe, V.; Normant, J.-F. Synthesis 2000, 75. 
26 Abermil, N.; Masson, G.; Zhu, J. J. Am. Chem. Soc. 2008, 130, 12596. 
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To a solution of (S)-1-(diphenylphosphino)-3-methylbutan-2-amin12 (81 mg, 0.30 
mmol) in CH2Cl2 (2 mL) was added 4-fluorophenyl isothiocyanate (51 mg, 0.33 
mmol) under N2 and the reaction mixture was stirred at room temperature for 2 hrs. 
Solvent was removed under reduced pressure and the residue was directly subjected to 
column chromatographic separation on silica gel using hexane/ethyl acetate (12:1 to 8: 
1) as an eluent to afford catalyst 2-4 as a white solid (114 mg, 90% yield). 
1H NMR (300 MHz, CDCl3) δ 0.75 (d, J = 6.8 Hz, 1H), 0.79 (d, J = 6.8 Hz, 1H), 
1.96-2.09 (m, 1H), 2.13-2.21 (m, 1H), 2.32-2.39 (m, 1H), 4.49 (br, 1H), 5.77 (d, J = 
5.9 Hz, 1H), 6.96 (d, J = 6.8 Hz, 4H), 7.23-7.25 (m, 5H), 7.33-7.40 (m, 4H), 7.97 (br, 
1H); 13C NMR (125 MHz, CDCl3) δ 18.11, 18.72, 31.05 (d, J = 13.6 Hz), 31.79 (d, J 
= 8.72 Hz), 58.44 (d, J = 14.2 Hz), 116.86 (d, J = 22.5 Hz), 127.65 (d, J = 8.3 
Hz),128.44, 128.48, 128.53, 128.58, 128.76, 128.78, 131.84, 132.62, 132.66, 132.90 
(d, J = 3.1 Hz), 138.09, 159.59, 162.88, 180.34; 31P NMR (121 MHz, CDCl3) δ -24.26; 
HRMS (ESI) m/z calcd for C24H26FN2PS [M+H]+= 425.1617, found = 425.1624. 








To a solution of (S)-1-(diphenylphosphino)-3-methylbutan-2-amine (150 mg, 
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0.55 mmol) and Et3N (153 L, 1.10 mmol) in CH2Cl2 (5 mL) was added (Boc)2O 
(143 mg, 0.66 mmol) under N2 and the reaction mixture was stirred at room 
temperature for 2 hrs. Solvent was removed under reduced pressure and the residue 
was directly purified by column chromatography on silica gel using hexane/ethyl 
acetate (15:1 to 10: 1) as an eluent to afford catalyst 2-5 as a white solid (171 mg, 84% 
yield). 
1H NMR (300 MHz, CDCl3) δ 0.86 (d, J = 4.4 Hz, 3H), 0.88 (d, J = 4.4 Hz, 3H), 1.43 
(s, 9H), 1.87-1.93 (m, 1H), 2.12-2.30 (m, 2H), 3.59 (br, 1H), 4.44 (d, J = 8.0 Hz, 1H), 
7.32-7.44 (m, 10H); 13C NMR (125 MHz, CDCl3) δ 17.46, 18.85, 28.31, 32.27 (d, J = 
13.5 Hz), 32.63 (d, J = 8.0 Hz), 53.46 (d, J = 12.8 Hz), 78.74, 85.2, 128.33, 128.42, 
128.60, 132.49, 132.77, 133.03, 138.38, 138.65, 138.82, 155.23; 31P NMR (121 MHz, 




To a solution of (S)-1-(diphenylphosphino)-3-methylbutan-2-amine (150 mg, 
0.55 mmol) and Et3N (153 L, 1.10 mmol) in CH2Cl2 (5 mL) was added Ac2O (67 mg, 
0.66 mmol) under N2, and the reaction mixture was stirred at room temperature for 2 
hrs. Solvent was removed under reduced pressure and the residue was directly 
purified by column chromatography on silica gel using hexane/ethyl acetate (10:1 to 5: 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 87 - 
 
1) as an eluent to afford catalyst 2-6 as a white solid (139 mg, 81% yield). 
1H NMR (300 MHz, CDCl3) δ 0.91 (d, J = 2.1 Hz, 3H), 0.94 (d, J = 2.1 Hz, 3H), 1.80 
(s, 3H), 1.94-2.03 (m, 1H), 2.18-2.26 (m, 1H), 2.34-2.40 (m, 1H), 3.96-4.05 (m, 1H), 
2.17 (d, J = 8.6 Hz, 1H), 7.30-7.53 (m, 10H); 13C NMR (75 MHz, CDCl3) δ 17.92, 
18.77, 23.16, 31.46 (d, J = 14.7 Hz), 32.26 (d, J = 8.7 Hz), 52.41 (d, J = 13.7 Hz), 
128.41, 128.44, 128.50, 128.53, 128.63, 128.69, 132.56, 132.66, 132.83, 132.91, 
169.32 ; 31P NMR (121 MHz, CDCl3) δ -22.78; HRMS (IT-TOF) m/z calcd for 
C19H24NOP [M+H]+= 313.1596, found = 313.1630. 













i) MsCl, TEA, CH2Cl2
ii) 30% KOH
2-8b 2-82-8a  
(R)-2-((tert-Butyldimethylsilyloxy)methyl)-1-tosylaziridine 2-8b 
To a solution of alcohol 2-8a27 (755 mg, 2.10 mmol) in anhydrous CH2Cl2 (10 
mL) at 0 oC was added triethylamine (876 L, 6.30 mmol) under nitrogen atmosphere, 
followed by MeSO2Cl (324 L, 4.20 mmol). The reaction mixture was then stirred at 
room temperature for 4 hrs, and an aqueous solution of 30% KOH (10 mL) was then 
added, and the resulting mixture was stirred overnight. The organic layer was 
separated and aqueous phase was extracted with CH2Cl2 several times (3 x 7 mL). The 
combined organic extracts were washed with brine and dried over Na2SO4. 
Purification by column chromatography (hexane:ethyl acetate = 10:1 to 5: 1) afforded 
                                                             
27  Righi, P.; Scardovi, N.; Marotta, R.; Holte, R. tem.; Zwanenburg, B. Org. Lett. 2002, 4, 497. 
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aziridine 2-8b as a colorless oil (587 mg, 82% yield). 
1H NMR (300 MHz, CDCl3) δ -0.03 (s, 3H), -0.01 (s, 3H), 0.83 (s, 9H), 2.22 (d, J = 
4.5 Hz, 1H), 2.45 (s, 3H), 2.65 (d, J = 7.1 Hz, 1H), 2.86-2.93 (m, 1H), 3.60 (dd, J = 
11.6 Hz, 5.3 Hz, 1H), 3.69 (dd, J = 11.6 Hz, 4.0 Hz, 1H), 7.33 (d, J = 8.1 Hz, 2H), 
7.83 (d, J = 8.1 Hz, 2H). The characterization data were in agreement with the values 
reported in the literature.27 
(S)-N-(1-(tert-Butyldimethylsilyloxy)-3-(diphenylphosphino)propan-2-yl)-4-methylbe
nzenesulfonamide 2-8 
To a solution of aziridine 2-8b (587 mg, 1.72 mmol) in dry THF (5 mL) was 
added slowly a THF/dioxane solution of NaPPh2 (0.2 M in THF/dioxane, 10.3 mL, 
2.06 mmol) at 0 oC under N2. The reaction mixture was stirred at 0 oC for 1 h, then 
quenched by addition of distilled H2O (5 mL) (degassed with N2). Ethyl acetate (5 mL) 
was added to the mixture and the organic layer was separated, and the aqueous layer 
was extracted with ethyl acetate (5 mL x 2). The combined organic layers were 
washed with brine (10 mL), and dried over Na2SO4, filtered and concentrated. The 
residue was subjected to column chromatographic purification on silica gel using 
hexane/ethyl acetate (20:1 to 10:1) as an eluent to afford 2-8 as a colorless oil (453 
mg, 50% yield) 
1H NMR (300 MHz, CDCl3) δ -0.06 (s, 3H), -0.04 (s, 3H), 0.81 (s, 9H), 2.25-2.30 (m, 
1H), 2.31 (s, 3H), 2.33-2.45 (m, 1H), 3.21-3.31 (m, 1H), 3.52-3.57 (m, 1H), 3.69-3.73 
(m, 1H), 4.98 (d, J = 6.9 Hz, 1H), 7.18 (d, J = 8.0 Hz, 2H), 7.24-7.40 (m, 10H), 7.58 
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(d, J = 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ -5.59, -5.55, 18.13, 21.42, 25.76, 
31.35 (d, J = 14.2 Hz), 53.17 (d, J = 18.5 Hz), 64.27 (d, J = 9.3 Hz), 127.15, 128.32, 
128.42, 128.47, 128.56, 128.86, 129.50, 132.29, 132.54, 132.75, 133.01, 137.26, 
143.13; 31P NMR (121 MHz, CDCl3) δ -23.6; HRMS (ESI) m/z calcd for 
C28H38NO3PSSi [M+Na]+= 550.1972, found = 550.1953. 
Prepartion of threonine-derived phosphine-sulfonamide catalysts 2-9ad 
(85%)


























2-9b: R = TDS
2-9c: R = TBDPS





The aziridine 2-9a-2 was synthesized from alcohol 2-9a-1,13 following the 
procedure described for the preparation of 2-8b. 
A colorless oil, 85% yield; 1H NMR (300 MHz, CDCl3) δ -0.09 (s, 3H), -0.02 (s, 3H), 
0.80 (s, 9H), 1.09 (d, J = 6.2 Hz, 3H), 2.16 (d, J = 4.6 Hz, 1H), 2.44 (s, 3H), 2.60 (d, J 
= 7.1 Hz, 1H), 2.79-2.85 (m, 1H), 3.59-3.67 (m, 1H), 7.32 (d, J = 8.2 Hz, 2H), 7.83 (d, 
J = 8.4 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ -5.00, -4.95, 17.96, 20.67, 21.51, 
25.64, 30.23, 45.25, 67.47, 128.17, 129.54, 134.99, 144.33; HRMS (ESI) m/z calcd 
for C17H29NO3SSi [M+Na]+= 378.1530, found = 378.1520. 
N-((2S,3R)-3-(tert-Butyldimethylsilyloxy)-1-(diphenylphosphino)butan-2-yl)-4-methy
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lbenzenesulfonamide 2-9a 
The catalyst 2-9a was prepared from aziridine 2-9a-2, following the procedure 
described for the synthesis of 2-8.  
A colorless oil, 83% yield; 1H NMR (500 MHz, CDCl3) δ 0.08 (s, 3H), 0.10 (s, 3H), 
0.9 (s, 9H), 0.95 (d, 3H, J = 6.3 Hz), 2.23-2.27 (m, 1H), 2.35-2.39 (m, 1H), 2.41 (s, 
3H), 3.01-3.08 (m, 1H), 4.36-4.39 (m, 1H), 4.99 (d, J = 7.6 Hz, 1H), 7.21 (d, J = 7.6 
Hz, 2H), 7.23-7.30 (m, 5H), 7.37-7.44 (m, 5H), 7.62 (d, J = 8.2 Hz, 2H); 13C NMR 
(125 MHz, CDCl3) δ -4.57, -4.56, -4.29, 18.01, 18.89, 21.52, 25.91, 31.23 (d, J =13.7 
Hz), 56.44 (d, J = 16.3 Hz), 68.22 (d, J = 10.0 Hz), 127.29, 128.37, 128.42, 128.57, 
128.59, 128.65, 129.03, 129.47, 132.36, 132.51, 133.06, 133.22, 137.16, 137.26, 
137.56, 137.68, 137.78, 143.08; 31P NMR (121 MHz, CDCl3) δ -24.28; HRMS (ESI) 
m/z calcd for C29H40NO3PSSi [M+Na]+= 564.2128, found = 564.2137. 
N-((2S,3R)-1-(Diphenylphosphino)-3-hydroxybutan-2-yl)-4-methylbenzenesulfonami
de 2-9a-3. 
To a solution of 2-9a (3.72 g, 6.90 mmol) in THF (20 mL) was added 
tetrabutylammonium fluoride (1.0 M solution in THF, 8.28 mL, 8.28 mmol) at 0 °C 
with stirring, and the mixture was stirred for 1.5 h. The mixture was made acidic with 
the addition of 4% HCl solution, extracted with a mixture of EtOAc/Et2O (3:1), and 
the extract was washed with water, saturated NaHCO3 and brine, and dried over 
Na2SO4. The filtrate was concentrated under reduced pressure to give an oily residue, 
which was purified by column chromatography over silica gel (hexane/ethyl acetate 
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(10:1 to 3:1)) to give 2-9a-3 as a white solid (2.50 g, 85% yield). 
1H NMR (300 MHz, CDCl3) δ 1.00 (d, J = 6.2 Hz, 3H), 2.10 (br, 1H), 2.14-2.22 (m, 
1H), 2.30-2.35 (m, 1H), 2.39 (s, 3H), 3.17-3.21 (m, 1H), 4.12-4.14 (m, 1H), 5.22 (d, J 
= 8.5 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.26-7.33 (m, 10H), 7.62 (d, J = 8.2 Hz, 2H); 
13C NMR (75 MHz, CDCl3) δ 19.96, 21.43, 32.02 (d, J = 15.3 Hz), 56.71 (d, J = 17.5 
Hz), 67.81 (d, J = 9.3 Hz), 127.00, 127.09, 128.40, 128.48, 128.59, 128.68, 128.96, 
129.49, 132.25, 132.51, 132.75, 133.02, 136.99, 137.13, 137.47, 137.61, 137.74, 
143.12; 31P NMR (121 MHz, CDCl3) δ -23.83; HRMS (ESI) m/z calcd for 
C23H26NO3PS [M+H]+= 428.1444, found = 428.1464. 
N-((2S,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-(diphenylphosphino)buta
n-2-yl)-4-methylbenzenesulfonamide 2-9b 
To a solution of alcohol 2-9a-3 (85.5 mg, 0.20 mmol) in DMF (46 L, 0.60 mmol) 
were added imidazole (27.2 mg, 0.40 mmol) and dimethylthexylsilyl chloride (53.6 
mg, 0.30 mmol) at room temperature under N2. The solution was stirred for 24 h, and 
water (3 mL) was added. The resulting mixture was extracted with diethyl ether 
several times (3 x 3 mL). The combined organic extracts were dried over Na2SO4 and 
concentrated. The residue was subjected to column chromatographic purification 
using hexane/ethyl acetate (20:1 to 10:1) as an eluent to afford 2-9b as a colorless oil 
(88.9 mg, 78% yield). 
1H NMR (500 MHz, CDCl3) δ 0.11 (s, 3H), 0.13 (s, 3H), 0.85 (s, 6H), 0.91 (m, 6H), 
0.92 (d, J = 6.3 Hz, 3H), 1.63-1.70 (m, 1H), 2.24-2.29 (m, 1H), 2.36-2.40 (m, 1H), 
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2.41 (s, 3H), 3.02-3.09 (m, 1H), 4.37-3.41 (m, 1H), 4.90 (d, J = 7.6 Hz, 1H), 7.20 (d, 
J = 8.2 Hz, 2H), 7.23-7.25 (m, 2H), 7.26-7.30 (m, 3H), 7.38-7.44 (m, 5H), 7.60 (d, J = 
8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ, -2.60, -2.59, -2.27, 18.58, 18.64, 19.90, 
20.25, 20.38, 21.48, 24.85, 31.28 (d, J = 13.7 Hz), 34.07, 56.43 (d, J = 16.4 Hz), 
68.21 (d, J = 10.0 Hz), 127.22, 128.33, 128.38, 128.51, 128.57, 128.62, 129.03, 
129.43, 132.28, 132.42, 133.08, 133.23, 137.03, 137.14, 137.54, 137.69, 137.78, 
143.02; 31P NMR (121 MHz, CDCl3) δ -24.2; HRMS (ESI) m/z calcd for 
C31H44NO3PSSi [M+H]+= 570.2622, found = 570.2629. 
N-((2S,3R)-3-(tert-Butyldiphenylsilyloxy)-1-(diphenylphosphino)butan-2-yl)-4-meth
ylbenzenesulfonamide 2-9c 
To a solution of 2-9a-3 (57.5 mg, 0.14 mmol) in THF (1 mL) was added NaH 
(13.5 mg, 0.34 mmol, 60% (w/w) in mineral oil) at room temperature and the mixture 
was stirred at room temperature for 10 min, then tert-butyldiphenylsilyl chloride (53 
mg, 0.19 mmol) was added. After 4 hours, additional 1.5 equiv. of NaH (8.1 mg, 0.20 
mmol) and 0.6 equiv. of tert-butyldiphenylsilyl chloride (22.2 mg, 0.08 mmol) were 
introduced. The solution was stirred for 24 h, and water (2 mL) was then added. The 
mixture was extracted with diethyl ether (3 x 2 mL), and the combined organic 
extracts were dried over Na2SO4 and concentrated. The residue was purified by 
column chromatography using hexane/ethyl acetate (20:1 to 10:1) as an eluent to 
afford 2-9c as a colorless oil (38.1 mg, 43% yield). 
1H NMR (500 MHz, CDCl3) δ 0.85 (d, J = 6.3 Hz, 3H), 1.07 (s, 9H), 2.15-7.20 (m, 
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1H), 2.41 (s, 3H), 2.57-2.61 (m, 1H), 3.06-3.11 (m, 1H), 4.34-4.36 (m, 1H), 5.03 (d, J 
= 7.0 Hz, 1H), 7.14-7.16 (m, 4H), 7.22-7.24 (m, 2H), 7.29-7.40 (m, 10H), 7.44-7.48 
(m, 2H), 7.51-7.53 (d, J = 8.2 Hz, 2H), 7.61-7.65 (m, 4H); 13C NMR (125 MHz, 
CDCl3) δ 19.03, 19.32, 21.50, 27.13, 30.84 (d, J = 14.6 Hz), 56.34 (d, J = 17.3 Hz), 
69.86 (d, J = 8.2 Hz), 127.32, 127.59, 127.67, 128.32, 128.38, 128.52, 128.57, 128.85, 
129.43, 129.75, 129.78, 132.59, 132.74, 132.87, 133.03, 133.35, 133.79, 134.82, 
135.96, 137.36, 137.44, 137.57, 137.68, 142.99; 31P NMR (121 MHz, CDCl3) δ -24.4; 
HRMS (ESI) m/z calcd for C39H44NO3PSSi [M+H]+= 666.2622, found = 666.2641. 
N-((2S,3R)-1-(Diphenylphosphino)-3-(triisopropylsilyloxy)butan-2-yl)-4-methylbenze
nesulfonamide 2-9d 
Compound 2-9d was prepared following the procedure described for the 
preparation of 2-9b.  
A colorless oil, 52% yield; 1H NMR (500 MHz, CDCl3) δ 1.03-1.09 (m, 24H), 
2.14-2.18 (m, 1H), 2.41 (s, 3H), 2.49-2.53 (m, 1H), 3.07-3.13 (m, 1H), 4.46-4.50 (m, 
1H), 5.00 (d, J = 6.9 Hz, 1H), 7.18-7.22 (m, 4H), 7.24-7.29 (m, 3H), 7.35-7.41 (m, 
5H), 7.63 (d, J = 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 12.55, 17.71, 18.15, 
18.19, 19.29, 21.49, 30.45 (d, J = 13.7 Hz), 56.50 (d, J = 16.4 Hz), 68.77 (d, J = 9.1 
Hz), 127.36, 128.31, 128.36, 128.55, 128.89, 129.45, 132.54, 132.68, 132.87, 133.03, 
137.41, 137.49, 137.59, 143.07; 31P NMR (121 MHz, CDCl3) δ -24.39; HRMS (ESI) 
m/z calcd for C32H46NO3PSSi [M+Na]+= 606.2598, found = 606.2606. 
Preparation of threonine-derived phosphine-sulfonamide catalysts 2-9e 
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To a solution of alcohol 2-9a-3 (20.5 mg, 0.048 mmol) in dry CH2Cl2 (0.5 mL) 
were added N,N-diisopropylethylamine (17 μL, 0.1 mmol) and trimethylsilyl 
trifluoromethanesulfonate (11 μL, 0.06 mmol) at room temperature under N2. The 
solution was stirred for 1 h, and then solvent was revomed. The residue was subjected 
to column chromatographic purification using hexane/ethyl acetate (20:1 to 10:1) as 
an eluent to afford 2-9e as a colorless oil (19.4 mg, 81% yield). 
1H NMR (500 MHz, CDCl3) δ 0.11 (s, 9H), 0.92 (d, 3H, J = 6.3 Hz), 2.22-2.27 (m, 
1H), 2.30-2.36 (m, 1H), 2.41 (s, 3H), 2.98-3.04 (m, 1H), 4.32-4.34 (m, 1H), 5.00 (d, J 
= 7.6 Hz, 1H), 7.21 (d, J = 7.6 Hz, 2H), 7.23-7.30 (m, 5H), 7.39-7.43 (m, 5H), 7.60 (d, 
J = 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 0.31, 20.09, 21.49, 31.50 (d, J =14.6 
Hz), 56.30 (d, J = 17.3 Hz), 67.95 (d, J = 10.0 Hz), 127.20, 128.35, 128.41, 128.56, 
128.61, 129.00, 129.44, 132.35, 132.50, 133.02, 133.17, 137.10, 137.19, 137.64, 
137.86, 143.02; 31P NMR (121 MHz, CDCl3) δ -23.93; HRMS (LC-IT-TOF) m/z 
calcd for C26H34NO3PSSi [M+Na]+= 499.1766, found = 499.1705. 
Prepartion of threonine-derived phosphine-sulfonamide catalysts 2-9f 
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(2R,3R)-Methyl 3-hydroxy-2-(naphthalene-2-sulfonamido)butanoate 2-9f-1 
To a solution of commercial available L-threonine methyl ester hydrochloride 
(509 mg, 3 mmol) in CH2Cl2 (8 mL) were added Et3N (1.25 mL, 9 mmol), and the 
resulting solution was cooled to 0 oC, and 2-naphthalenesulfonyl chloride (816 mg, 
3.6 mmol) was added and the reaction mixture was stirred until TLC showed the 
completion of reaction. Water (10 mL) was added, and the organic layer was 
separated. The aqueous layer was extracted with CH2Cl2 several times (3 x 5 mL), and 
combined organic layers were washed with brine (5 mL), and dried over Na2SO4 and 
concentrated. The residue was purified by column chromatography using hexane/ethyl 
acetate (10:1 to 3:1) as an eluent to afford 2-9f-1 as a white solid (727 mg, 75% 
yield). 
1H NMR (500 MHz, CDCl3) δ 1.27 (d, J = 6.3 Hz, 3H), 2.30 (br, 1H), 3.34 (s, 3H), 
3.91 (dd, J = 10.1 Hz, 3.2 Hz, 1H), 4.15-4.20 (m, 1H), 5.81 (d, J = 9.5 Hz, 1H), 
7.58-7.65 (m, 2H), 7.82-7.84 (m, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.94 (d, J = 8.8 Hz, 
2H), 8.14 (d, J = 1.3 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 19.85, 52.55, 61.09, 
68.37, 122.45, 127.59, 127.90, 128.55, 128.93, 129.27, 129.38, 132.03, 134.85, 
136.57, 170.73; HRMS (ESI) m/z calcd for C15H17NO5S [M+Na]+= 346.0720, found 
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To a solution of 2-9f-1 (660 mg, 2.04 mmol) in dry DMF (473 L, 6.1 mmol) was 
added imidazole (278 mg, 4.08 mmol) and dimethylthexylsilyl chloride (544 mg, 3.06 
mmol) at room temperature under N2. The solution was stirred for 24 h, and water (10 
mL) was added, and the mixture was extracted with diethyl ether (3 x 8 mL). The 
combined organic extracts were dried over Na2SO4 and concentrated. The residue was 
dissolved in dry THF (10 mL), and the solution was cooled to 0 oC. LiBH4 (133 mg, 
6.12 mmol) was then added slowly under N2 and the reaction mixture was allowed to 
warm to room temperature, and a few drops of MeOH was introduced. The reaction 
solution was again cooled to 0 oC and quenched by careful addition of water (10 mL) 
and 1M NH4Cl solution (5 mL). The resulting mixture was extracted with ethyl 
acetate (3 x 10 mL), and the combined organic layers were washed with brine (5 mL) 
and dried over Na2SO4 and concentrated. The residue was purified by column 
chromatography using hexane/ethyl acetate (8:1 to 4:1) as an eluent to afford 9f-2 as a 
white solid (704 mg, 79 % yield). 
1H NMR (300 MHz, CDCl3) δ 0.05 (s, 6H), 0.79 (d, J = 2.0 Hz, 6H), 0.84-0.88 (m, 
9H), 1.54-1.63 (m, 1H), 2.25 (br, 1H), 3.15-3.22 (m, 1H), 3.49-3.55 (m, 1H), 
3.60-3.65 (m, 1H), 3.95-4.02 (m, 1H), 5.17 (d, J = 7.9 Hz), 7.57-7.66 (m, 2H), 
7.85-7.98 (m, 4H), 8.45 (s, 1H); 13C NMR (75 MHz, CDCl3) δ -3.21, -2.39, 18.41, 
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18.55, 20.01, 20.25, 20.33, 24.73, 33.97, 59.92, 63.19, 67.42, 122.31, 127.52, 127.84, 
128.26, 128.74, 129.18, 129.44, 132.02, 134.71, 137.23; HRMS (ESI) m/z calcd for 
C22H35NO4SSi [M+Na]+=460.1948, found =460.1952. 
(R)-2-((R)-1-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)ethyl)-1-(naphthalen-2-ylsulf
onyl)aziridine 2-9f-3 
Aziridine 2-9f-3 was prepared from alcohol 2-9f-2 following the procedure 
described for the preparation of 2-8b.   
A colorless oil, 96 %; 1H NMR (500 MHz, CDCl3) δ -0.09 (s, 3H), -0.01 (s, 3H), 0.70 
(d, J = 5.7 Hz, 6H), 0.78 (s, 3H), 0.80 (s, 3H), 1.08 (d, J = 6.3 Hz, 3H), 1.48-1.53 (m, 
1H), 2.10 (d, J = 5.0 Hz, 1H), 2.66 (d, J = 7.5 Hz, 1H), 2.91-2.94 (m, 1H), 3.65-3.70 
(m, 1H), 7.60-7.68 (m, 2H), 7.91-7.99 (m, 4H), 8.49 (s, 1H); 13C NMR (125 MHz, 
CDCl3) δ -2.93, -2.77, 18.47, 18.51, 20.06, 20.11, 20.74, 24.77, 30.58, 34.01, 45.45, 
67.25, 123.31, 127.53, 127.93, 129.10, 129.29, 129.41, 129.55, 132.08, 135.05, 




Catalyst 2-9f was prepared from aziridine 2-9f-3 following the procedure 
described for the preparation of 2-8.  
A white solid, 45% yield; 1H NMR (300 MHz, CDCl3) δ 0.14 (s, 3H), 0.16 (s, 3H), 
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0.87 (s, 6H), 0.92-0.97 (m, 9H), 1.62-1.71 (m, 1H), 2.24-2.31 (m, 1H), 2.36-2.44 (m, 
1H), 3.06-3.16 (m, 1H), 5.12 (d, J = 7.7 Hz, 1H), 7.12-7.16 (m, 4H), 7.20-7.23 (m, 
1H), 7.30-7.39 (m, 5H), 7.61-7.70 (m, 2H), 7.78-7.81 (m, 1H), 7.89-7.94 (m, 3H), 
8.30 (s, 1H); 13C NMR (75 MHz, CDCl3) δ -2.66, -2.62, -2.34, 18.55, 18.62, 19.73, 
20.21, 20.35, 24.82, 31.06 (d, J = 14.2 Hz), 34.03, 56.46 (d, J = 15.8 Hz), 68.30 (d, J 
= 9.3 Hz), 122.66, 127.28, 127.82, 128.16, 128.25, 128.44, 128.54, 128.56, 128.93, 
129.22, 131.96, 132.11, 132.35, 132.79, 133.06, 134.67, 136.94; 31P NMR (121 MHz, 
CDCl3) δ -24.40; HRMS (ESI) m/z calcd for C34H44NO3PSSi [M+H]+= 606.2622, 
found = 606.2615. 
Catalyst 2-9g was prepared following the similar synthetic route as described for the 
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A colorless oil, 90% yield; 1H NMR (300 MHz, CDCl3) δ 0.06 (s, 3H), 0.08 (s, 3H), 
0.81 (d, J = 1.0 Hz, 6H), 0.86-0.91 (m, 9H), 1.55-1.64 (m, 1H), 2.16 (d, J = 5.3 Hz, 
1H), 2.28 (s, 3H), 2.64 (s, 6H), 3.04-3.11 (m, 1H), 3.42-3.60 (m, 2H), 3.94-4.00 (m, 
1H), 5.14 (d, J = 8.4 Hz, 1H), 6.94 (s, 2H); 13C NMR (75 MHz, CDCl3) δ -3.24, -2.42, 
18.44, 18.55, 20.04, 20.24, 20.40, 20.82, 22.90, 24.73, 34.03, 59.64, 63.34, 67.51, 
131.91, 134.70, 138.48, 142.02; HRMS (ESI) m/z calcd for C21H39NO4SSi [M+Na]+= 
452.2261, found = 452.2269. 
(R)-2-((R)-1-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)ethyl)-1-(mesitylsulfonyl)azi
ridine 2-9g-3 
A light yellow oil, 77% yield; 1H NMR (300 MHz, CDCl3) δ -0.11 (s, 3H), 0.02 (s, 
3H), 0.73 (d, J = 2.8 Hz, 6H), 0.80-0.83 (m, 6H), 1.05 (d, J = 6.2 Hz, 3H), 1.48-1.60 
(m, 1H), 2.14 (d, J = 4.4 Hz, 1H), 2.30 (s, 3H), 2.57 (d, J = 7.2 Hz, 1H), 2.70 (s, 6H), 
2.80-2.85 (m, 1H), 3.66-7.74 (m, 1H), 6.95 (s, 2H); 13C NMR (75 MHz, CDCl3) δ 
-3.24, -2.85, 18.41, 18.47, 19.99, 20.12, 20.78, 20.89, 22.91, 24.63, 28.91, 34.02, 
44.57, 66.64, 131.65, 132.65, 140.19, 142.76; HRMS (ESI) m/z calcd for 
C21H37NO3SSi [M+Na]+= 434.2156, found = 434.2175. 
N-((2S,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-(diphenylphosphino)buta
n-2-yl)-2,4,6-trimethylbenzenesulfonamide 2-9g 
A Colorless oil, 64%; 1H NMR (300 MHz, CDCl3) δ 0.14 (s, 3H), 0.17 (s, 3H), 
0.88-0.99 (m, 15H), 1.63-1.72 (m, 1H), 2.26-2.33 (m, 2H), 2.33 (s, 3H), 2.56 (s, 6H), 
3.05-3.12 (m, 1H), 4.40-4.43 (m, 1H), 5.12 (d, J = 8.7 Hz, 1H), 6.95 (s, 2H), 
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7.22-7.39 (m, 10H); 13C NMR (75 MHz, CDCl3) δ -2.66, -2.61, -2.29, 18.57, 18.65, 
20.22, 20.34, 20.84, 22.89, 24.81, 31.75 (d, J = 14.7 Hz), 34.11, 56.46 (d, J = 16.4 
Hz), 68.28 (d, J = 10.9 Hz), 128.24, 128.33, 128.46, 128.51, 128.61, 128.95, 131.79, 
132.19, 132.45, 132.86, 133.12, 135.40, 136.80, 136.99, 137.86, 138.02, 138.51, 
141.58; 31P NMR (121 MHz, CDCl3) δ -24.1; HRMS (ESI) m/z calcd for 
C33H48NO3PSSi [M+H]+= 598.2935, found = 598.2957. 
Catalyst 2-9h was prepared following the similar synthetic route as described for the 
preparation of 2-9f 
 
(2R,3R)-Methyl 2-(4-fluorophenylsulfonamido)-3-hydroxybutanoate 2-9h-1 
A white solid, 82% yield; 1H NMR (300 MHz, CDCl3) δ 1.23 (d, J = 6.4 Hz, 3H), 
2.95 (br, 1H), 3.51 (s, 3H), 3.82 (d, J = 2.8 Hz, 1H), 4.14-4.21 (m, 1H), 6.07 (br, 1H), 
7.11-4.17 (m, 2H), 7.83-7.88 (m, 1H); 13C NMR (75 MHz, CDCl3) δ 19.73, 52.61, 
60.99, 68.17, 116.07 (d, J = 22.5 Hz), 129.90 (d, J = 9.0 Hz), 135.89 (d, J = 3.1 Hz), 
135.91, 163.32, 166.70, 170.71; HRMS (ESI) m/z calcd for C11H14FNO5S [M-H] - = 
290.0504, found = 290.0497. 
N-((2R,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-hydroxybutan-2-yl)-4-flu
orobenzenesulfonamide 2-9h-2 
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A colorless oil, 86% yield; 1H NMR (300 MHz, CDCl3) δ 0.068 (s, 3H), 0.074 (s, 3H), 
0.80 (d, J = 1.7 Hz, 6H), 0.84-0.92 (m, 6H), 0.91(d, J = 6.2 Hz, 3H), 1.54-1.63 (m, 
1H), 2.19 (br, 1H), 3.09-3.15 (m, 1H), 3.48-3.63 (m, 2H), 3.96-4.03 (m, 1H), 5.06 (d, 
J = 7.7 Hz, 1H), 7.14-7.20 (m, 2H), 7.88-7.93 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 
-3.21, -2.38, 18.40, 18.53, 20.00, 20.24, 20.37, 24.73, 33.96, 59.93, 63.13, 67.30, 
116.20 (d, J = 22.5 Hz), 129.70 (d, J = 9.0 Hz), 136.68 (d, J = 3.1 Hz), 165.46 (d, J = 




A colorless oil, 70% yield; 1H NMR (300 MHz, CDCl3) δ -0.05 (s, 3H), 0.03 (s, 3H), 
0.75 (d, J = 1.1 Hz, 6H), 0.81 (s, 3H), 0.84 (s, 3H), 1.08 (d, J = 6.4 Hz, 3H), 1.50-1.59 
(m, 1H), 2.18 (d, J = 4.6 Hz, 1H), 2.59 (d, J = 7.2 Hz, 1H), 2.82-2.88 (m, 1H), 
3.62-3.67 (m, 1H), 7.17-7.23 (m, 2H), 7.93-7.98 (m, 2H); 13C NMR (75 MHz, CDCl3) 
δ -2.98, -2.89, 18.40, 18.45, 20.01, 20.06, 20.70, 24.71, 30.51, 33.92, 45.46, 67.11, 
116.20 (d, J = 22.5 Hz), 130.86 (d, J = 9.0 Hz), 134.23 (d, J = 3.1 Hz), 165.58 (d, J = 




A colorless oil, 52% yield; 1H NMR (500 MHz, CDCl3) δ 0.13 (s, 3H), 0.15 (s, 3H), 
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0.86 (d, J = 1.3 Hz, 6H), 0.90-0.91 (m, 6H), 0.92 (d, J = 5.7 Hz, 3H), 1.61-1.70 (m, 
1H), 2.21-2.25 (m, 1H), 2.32-2.42 (m, 1H), 3.00-3.06 (m, 1H), 4.36-4.40 (m, 1H), 
4.98 (d, J = 8.2 Hz, 1H), 7.04-7.08 (m, 2H), 7.24-7.32 (m, 5H), 7.35-7.43 (m, 5H), 
7.69-7.72 (m, 2H); 13C NMR (125 MHz, CDCl3) δ -2.62, -2.60, -2.30, 18.56, 18.64, 
19.81, 20.23, 20.37, 21.85, 24.85, 31.22 (d, J = 13.7 Hz), 34.06, 56.56 (d, J = 16.4 
Hz), 68.32 (d, J = 10.0 Hz), 115.96 (d, J = 22.8 Hz), 128.41, 128.46, 128.59, 128.63, 
128.65, 129.08, 129.83 (d, J = 9.1 Hz), 132.22, 132.37, 133.03, 133.19, 136.48, 
137.11, 137.22, 137.26, 137.34, 164.82 (d, J = 152 Hz); 31P NMR (121 MHz, CDCl3) 
δ -24.3; HRMS (ESI) m/z calcd for C30H41FNO3PSSi [M+H]+= 574.2371, found = 
574.2353. 





To a solution of L-threonine methyl ester hydrochloride (280 mg, 1.65 mmol) in 
CH2Cl2 (10 mL) at 0 oC was added Et3N (1.15 mL, 8.3 mmol), followed by addition 
of a solution of MeSO2Cl (1.82 mL, 1.82 mmol) in CH2Cl2 (3 mL) dropwise. The 
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reaction was stirred at 0 oC for 30 mins, and was then quenched by addition of water 
(1 mL). The organic layer was separated, and the aqueous layer was extracted with 
CH2Cl2 several times (3 x 5 mL). The combined organic layers were washed with 
brine, and dried over Na2SO4 and concentrated to afford crude product (125 mg) 
which did not require further purification. The crude product and imidazole (81.7 mg, 
1.20 mmol) were dissolved in DMF (140 L), dimethylthexylsilyl chloride (158 mg, 
0.90 mmol) was introduced under N2. The reaction mixture was then stirred at room 
temperature for 24 hrs. Water (3 mL) was added, and the mixture was extracted with 
ethyl acetate several times (3 x 3 mL). The organic extracts were washed with brine 
and dried over Na2SO4. Chromatographic purification using hexane/ethyl acetate 
(15:1 to 10:1) as an eluent afforded 2-9i-1 as a colorless oil (85 mg, 15% yield). 
1H NMR (300 MHz, CDCl3) δ 0.01 (s, 3H), 0.08 (s, 3H), 0.76 (d, J = 1.0 Hz, 6H), 
0.81-0.84 (m, 6H), 1.27 (d, J = 6.2 Hz, 3H), 1.48-1.61 (m, 1H), 2.97 (s, 3H), 3.75 (s, 
3H), 3.96 (dd, J = 10.2 Hz, 2.6 Hz, 1H), 4.39-4.46 (m, 1H), 4.99 (d, J = 10.0 Hz, 1H); 
13C NMR (75 MHz, CDCl3) δ -3.49, -2.36, 18.40, 18.44, 19.91, 20.00, 20.72, 24.63, 
33.89, 41.61, 52.47, 61.93, 69.00, 171.10; HRMS (ESI) m/z calcd for C14H31NO5SSi 
[M+Na]+= 376.1584, found = 376.1586. 
(R)-2-((R)-1-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)ethyl)-1-(methylsulfonyl)azir
idine 2-9i-2 
To a dry THF (2 mL) solution of ester 2-9i-1 (85 mg, 0.24 mmol) at 0 oC was 
added LiBH4 (16 mg, 0.72 mmol) under N2, and the reaction mixture was allowed to 
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warm up slowly to room temperature, and a few drops of MeOH was introduced. The 
reaction solution was again cooled to 0 oC and quenched by careful addition of water 
(1 mL), followed by 1M NH4Cl solution (0.5 mL). The resulting mixture was 
extracted with ethyl acetate several times (3 x 3 mL), and the combined organic layers 
were washed with brine (4 mL), and dried over Na2SO4 and concentrated. The residue 
was dissolved in CH2Cl2 (2 mL) and cooled to 0 oC, and Et3N (139 L, 0.96 mmol), 
DMAP (2.9 mg, 0.024 mmol) and MeSO2Cl (41.2 mg, 0.36 mmol) were added slowly.  
The reaction mixture was stirred at room temperature for 1 hr, an aqueous solution of 
25% KOH (2 mL) was then added, and the mixture was stirred for another hour. The 
organic layer was separated, and aqueous phase was extracted with CH2Cl2 (2 x 2 
mL). The combined organic layers were washed with brine (2 mL), and dried over 
Na2SO4 and concentrated. The residue was purified by column chromatography using 
hexane/ethyl acetate (15:1 to 10:1) as an eluent to afford 2-9i-2 as a pale yellow oil 
(55 mg, 74% yield). 
1H NMR (300 MHz, CDCl3) δ 0.14 (s, 6H), 0.88 (s, 6H), 0.90 (d, J = 6.9 Hz, 6H), 
1.25 (d, J = 6.3 Hz, 3H), 1.59-1.72 (m, 1H), 2.21 (d, J = 4.6 Hz, 1H), 2.63 (d, J = 7.2 
Hz, 1H), 2.74-2.80 (m, 1H), 3.08 (s, 3H), 3.63-3.71 (m, 1H); 13C NMR (75 MHz, 
CDCl3) δ -2.73, 18.42, 18.48, 20.01, 20.11, 20.90, 24.74, 29.65, 33.88, 39.40, 45.19, 
67.87; HRMS (ESI) m/z calcd for C13H29NO3SSi [M+Na]+= 330.1530, found = 
330.1523. 
N-((2S,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-(diphenylphosphino)buta
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n-2-yl)methanesulfonamide 2-9i 
The catalyst 2-9i was prepared from aziridine 2-9i-2 following the procedure 
described for the preparation of 2-8.  
A White solid, 73% yield; 1H NMR (500 MHz, CDCl3) δ 0.11 (s, 3H), 0.14 (s, 3H), 
0.84 (d, J = 1.9 Hz, 6H), 0.88-0.90 (m, 6H), 1.18 (d, J = 6.3 Hz, 3H), 1.61-1.66 (m, 
1H), 2.37 (d, J = 7.6 Hz, 2H), 2.92 (s, 3H), 3.27-3.33 (m, 1H), 4.20-4.24 (m, 1H), 
4.58 (d, J = 8.2 Hz, 1H), 7.32-7.41 (m, 8H), 7.46-7.51 (m, 2H); 13C NMR (125 MHz, 
CDCl3) δ -2.61, -2.59, -2.21, 18.58, 18.69, 20.25, 20.32, 20.42, 24.90, 32.78 (d, J = 
13.7 Hz), 34.09, 41.99 (d, J = 5.5 Hz), 57.32 (d, J = 16.4 Hz), 69.51 (d, J = 9.1 Hz), 
128.62, 128.67, 128.73, 128.89, 129.05, 132.61, 132.71, 132.76, 132.87, 133.10, 
137.35, 137.45, 137.76, 137.86; 31P NMR (121 MHz, CDCl3) δ -22.97; HRMS (ESI) 
m/z calcd for C25H40NO3PSSi [M+H]+= 494.2309, found = 494.2301. 
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To a solution of L-threonine methyl ester hydrochloride (849 mg, 5 mmol) in 
CH2Cl2 (20 mL) at 0 oC was added Et3N (2.78 mL, 20 mmol), followed by addition of 
TsCl (1.14 g, 6 mmol). The reaction mixture was stirred at room temperature for 3 hrs, 
and then quenched by addition of water (15 mL). The organic layer was separated and 
aqueous layer was extracted with CH2Cl2 (3 x 8 mL). The combined organic layers 
were washed with brine, and dried over Na2SO4. Purification by column 
chromatography using hexane/ethyl acetate (5:1 to 2:1) as an eluent afforded 2-10a as 
a white solid (1.97 g, 92% yield). 
1H NMR (500 MHz, CDCl3) δ -0.06 (s, 3H), 0.05 (s, 3H), 0.74 (d, J = 2.5 Hz, 6H), 
0.81-0.83 (m, 6H), 1.20 (d, J = 6.3 Hz, 3H), 1.51-1.56 (m, 1H), 2.39 (s, 3H), 3.44 (s, 
3H), 3.81 (dd, J = 10.1 Hz, 2.0 Hz, 1H), 4.24-4.28 (m, 1H), 5.14 (d, J = 10.1 Hz, 1H), 
7.26 (d, J = 8.2 Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 
-3.45, -2.45, 18.43, 18.45, 19.95, 20.01, 20.60, 21.43, 24.64, 33.91, 52.11, 61.55, 
69.22, 127.09, 129.42, 137.18, 143.33, 170.28; HRMS (ESI) m/z calcd for 
C20H35NO5SSi [M+Na]+= 452.1897, found = 492.1900. 
N-((2R,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-hydroxybutan-2-yl)-N,4-
dimethylbenzenesulfonamide 2-10b 
To a solution of ester 2-10a (1.29 g, 3.0 mmol) in THF (15 mL) at 0 oC was added 
slowly NaH (180 mg, 4.5 mmol, 60% (w/w) in mineral oil). After the mixture was 
stirred at room temperature for 15 mins, MeI (280 L, 4.5 mmol) was carefully 
introduced, and the reaction was then stirred for 24 hrs. Water (5 mL) was added to 
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quench the reaction, and the mixture was extracted with ethyl acetate several times (3 
x 5 mL). The combined organic extracts were dried over Na2SO4 and concentrated. 
The residue was dissolved in THF (7 mL) and the mixture was cooled down to 0 oC, 
LiBH4 (196 mg, 9 mmol) was added. The reaction mixture was stirred at room 
temperature for 10 hrs, during which a few drops of MeOH were added. Water (3 mL) 
and saturated NH4Cl solution (2 mL) were added successively to quench the reaction. 
The mixture was extracted with ethyl acetate (3 x 5 mL), and the combined organic 
extracts were dried over Na2SO4 and concentrated. The residue was subjected to 
column chromatographic purification using hexane/ethyl acetate (10:1 to 5:1) as an 
eluent to afford 2-10b as a colorless oil (647 mg, 52% yield). 
1H NMR (300 MHz, CDCl3) δ 0.05 (s, 3H), 0.07 (s, 3H), 0.78 (d, J = 2.1 Hz, 6H), 
0.81-0.85 (m, 6H), 1.12 (d, J = 6.2 Hz, 3H), 1.53-1.59 (m, 1H), 1.81 (br, 1H), 2.37 (s, 
3H), 2.88 (s, 3H), 3.62-3.64 (m, 2H), 3.84-3.89 (m, 1H), 4.01-4.09 (m, 1H), 7.25 (d, J 
= 8.2 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ -3.21, -2.46, 
18.32, 18.51, 19.86, 20.15, 20.76, 21.39, 24.66, 30.71, 33.80, 60.17, 62.83, 69.19, 
127.31, 129.44, 136.69, 143.05; HRMS (ESI) m/z calcd for C20H37NO4SSi [M+Na]+= 
438.2105, found = 438.2118 
(2R,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-2-(N,4-dimethylphenylsulfona
mido)butyl methanesulfonate 2-10c 
To a solution of alcohol 2-10b (498 mg, 1.20 mmol) in CH2Cl2 (3 mL) at 0 oC was 
added slowly MeSO2Cl (111 L, 1.44 mmol), and the reaction mixture was stirred at 
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room temperature for 1 hr. Water (3 mL) was added the reaction mixture, and the 
organic phase was separated. The aqueous phase was extracted with CH2Cl2 several 
times (3 x 3 mL), and the combined organic extracts were dried over Na2SO4 and 
concentrated. The residue was purified by column chromatography using hexane/ethyl 
acetate (15:1 to 10:1) as an eluent to afford the product 2-10c as a colorless oil (497 
mg, 84% yield). 
1H NMR (300 MHz, CDCl3) δ 0.10 (s, 3H), 0.11 (s, 3H), 0.80 (d, J = 1.8 Hz, 6H), 
0.83-0.86 (m, 6H), 1.23 (d, J = 6.1 Hz, 3H), 1.54-1.66 (m, 1H), 2.40 (s, 3H), 2.79 (d, 
J = 0.6 Hz, 3H), 2.90 (s, 3H), 4.09-4.14 (m, 1H), 4.18-4.22 (m, 3H), 7.29 (d, J = 8.2 
Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ -3.24, -2.34, 18.31, 
18.53, 19.87, 20.17, 20.59, 21.38, 24.71, 30.58, 33.81, 37.18, 59.72, 65.14, 69.07, 
127.45, 129.51, 136.42, 143.24; HRMS (ESI) m/z calcd for C21H39NO6S2Si 
[M+Na]+= 516.1880, found = 516.1881. 
N-((2S,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-(diphenylphosphino)buta
n-2-yl)-N,4-dimethylbenzenesulfonamide 2-10 
The catalyst 2-10 was prepared from 2-10c following the procedure described for 
the preparation of 2-8.  
A colorless oil, 22% yield; 1H NMR (300 MHz, CDCl3) δ 0.09 (s, 3H), 0.14 (s, 
3H), 0.79 (d, J = 3.0 Hz, 6H), 0.81-0.84 (m, 6H), 1.23 (d, J = 6.2 Hz, 3H), 1.65 (m, 
1H), 1.75-1.81 (m, 1H), 2.37 (s, 3H), 2.46-2.54 (m, 1H), 2.91 (s, 3H), 3.77-3.85 (m, 
1H), 4.37-4.44 (m, 1H), 7.10 (d, J = 8.0 Hz, 2H), 7.30-7.39 (m, 12H); 13C NMR (75 
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MHz, CDCl3) δ -2.56, -2.50, -2.17, 18.39, 18.51, 20.02, 20.22, 21.08, 21.38, 25.51, 
27.25 (d, J = 16.4 Hz), 33.77, 58.99 (d, J = 18.5 Hz), 67.86, 70.19, (d, J = 9.3 Hz), 
127.16, 127.47, 128.25, 128.33, 128.42, 128.47, 128.57, 128.65, 129.07, 129.27, 
132.19, 132.43, 133.17, 133.43, 136.73, 137.53, 137.92, 138.12, 142.51; 31P NMR 
(121 MHz, CDCl3) δ -22.1; HRMS (ESI) m/z calcd for C32H46NO3PSSi [M+H]+= 
584.2778, found = 584.2796. 



















To a flame-dried round bottle flask with a magnetic stirring bar were added 
catalyst 2-9b (5.7 mg, 0.005 mmol) and imine 2-1a (13.8 mg, 0.05 mmol) under N2, 
followed by the addition of dry THF (250 L). The resulting mixture was cooled to 
-30 oC, and naphthyl acrylate 2-2c (11.9 mg, 0.06 mmol) was then added. The flask 
was sealed, and the reaction was stirred at -30 oC for 48 hrs. The reaction mixture was 
allowed to warm up to room temperature, THF was removed under reduced pressure, 
and the residue was purified by column chromatography on silica gel using 
hexane/ethyl acetate (8:1 to 3:1) as an eluent to afford 2-3a as a white solid (21.0 mg, 
89% yield). 
2.4.4 Analytical Data of aza-MBH Products 
(R)-Naphthalen-2-yl 2-((4-methoxyphenylsulfonamido)(phenyl)methyl)acrylate 2-3a 
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A white solid; [α]25D = +9.5 (c 1.00, CHCl3), (lit.26: [α]25D = -9.9 (c, 0.92, CHCl3)); 1H 
NMR (300 MHz, CDCl3 ) δ 3.85 (s, 3H), 5.45 (d, J = 8.6 Hz, 1H), 5.57(d, J = 8.6 Hz, 
1H), 6.12 (s, 1H), 6.58 (s, 1H), 6.92 (d, J = 8.9 Hz, 2H), 6.99 (dd, J =8.9 Hz, 2.3 Hz, 
1H), 7.20-7.29 (m, 5H), 7.35 (d, J = 2.0 Hz,1H), 7.43-7.50 (m, 2H), 7.73-7.83 (m, 
5H). The characterization data were in agreement with values reported in the 
literature.26 The ee value was 91%, tR (minor) = 33.5 min, tR (major) = 48.0 min 
(Chiralcel IC-H, λ = 254 nm, 30% iPrOH/hexanes, flow rate = 0.8 mL/min). 
(R)-Naphthalen-2-yl 2-((4-methoxyphenylsulfonamido)(p-tolyl)methyl)acrylate 2-3b 
 
A white solid; [α]25D = +13.2 (c 0.90, CHCl3); 1H NMR (CDCl3, 500 MHz) δ 2.31 (s, 
3H), 3.85 (s, 3H), 5.40 (d, J = 8.7 Hz, 1H), 5.46 (d, J = 8.6 Hz, 1H), 6.13 (s, 1H), 6.57 
(s, 1H), 6.93 (dd, J =7.0 Hz, 1.9 Hz, 2H), 7.01 (dd, J = 8.8 Hz, 1.9 Hz, 1H), 7.08-7.10 
(m, 4H), 7.37 (d, J = 1.9 Hz, 1H), 7.44-7.49 (m, 2H), 7.74-7.82 (m, 5H). The 
characterization data were in agreement with the literature report.3 The ee value was 
90%, tR (minor) = 30.7 min, tR (major) = 53.4 min (Chiralcel IC-H, λ = 254 nm, 30% 
iPrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-Naphthalen-2-yl-2-((4-ethylphenyl)(4-methoxyphenylsulfonamido)methyl)acrylat
e 2-3c 
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A white solid; [α]25D = -13.9 (c 0.65, CHCl3); 1H NMR (300 MHz，CDCl3) δ 1.21 (t, J 
= 7.7 Hz, 3H), 2.61 (q, J = 7.6 Hz, 2H), 3.86 (s, 3H), 5.41 (d, J = 8.4 Hz, 1H), 5.49 (d, 
J = 8.2 Hz, 1H), 6.13 (s, 1H), 6.57 (s, 1H), 6.96 (d, J =9.0 Hz, 2H), 7.0 (dd, J = 8.7 Hz, 
2.3 Hz, 1H), 7.11 (s, 4H), 7.36 (d, J = 2.0 Hz, 1H), 7.43-7.50 (m, 2H), 7.73-7.83 (m, 
5H); 13C NMR (75 MHz, CDCl3) δ 15.45, 28.42, 55.60, 58.81, 114.12, 118.41, 120.72, 
125.82, 126.62, 127.59, 127.73, 128.25, 128.70, 129.10, 129.34, 129.45, 131.47, 
132.17, 133.59, 135.74, 138.92, 144.14, 147.83, 162.90, 164.09; HRMS (IT-TOF) m/z 
calcd for C29H27NO5S [M+Na]+ = 524.1508, found = 524.1172; The ee value was 91%, 
tR (minor) = 27.5 min, tR (major) = 45.1 min (Chiralcel IC-H, λ = 254 nm, 30% 







A white solid; [α]25D = +8.5 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.85 (s, 
3H), 5.43 (d, J = 8.8 Hz, 1H), 5.64 (d, J = 8.2 Hz, 1H), 6.09 (s, 1H), 6.57 (s, 1H), 
6.91-6.98 (m, 4H), 7.01 (dd, J = 8.6 Hz, 1.9 Hz, 1H), 7.20 (dd, J = 8.2 Hz, 5.7Hz, 2H), 
7.38 (d, J = 2.5 Hz, 1H), 7.45-7.50 (m, 2H), 7.75-7.77 (m, 3H), 7.89-7.83 (m, 2H); 
13C NMR (125 MHz, CDCl3) δ 55.64, 58.48, 114.19, 115.63 (d, J = 21.9 Hz), 118.40, 
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120.60, 125.94, 126.73, 127.70 (d, J = 13.3 Hz), 128.41, 128.46, 129.41, 129.46, 
131.52, 132.06, 133.60, 134.34, 134.37, 138.60, 147.73, 162.80 (d, J = 245.5  Hz), 
163.02, 163.97; HRMS (ESI) m/z calcd for C27H22FNO5S [M+Na]+ = 514.1095, found 
= 514.1119; The ee value was 92%, tR (minor) = 21.5 min, tR (major) = 29.1 min 




A white solid; [α]25D = +12.5 (c 1.20, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.84 (s, 
3H), 5.41 (d, J = 8.9 Hz, 1H), 5.72 (d, J = 8.8 Hz, 1H), 6.01 (s, 1H), 6.57 (s, 1H), 6.91 
(d, J = 8.9 Hz, 2H), 7.02 (dd, J = 8.8 Hz, 2.5 Hz, 1H), 7.11 (d, J = 8.2 Hz, 2H), 
7.38-7.40 (m, 3H), 7.45-7.50 (m, 2H), 7.73-7.76 (m, 3H ), 7.79-7.83 (m, 2H); 13C 
NMR (125MHz, CDCl3) δ 55.64, 58.65, 114.19, 118.39, 120.57, 122.02, 125.94, 
126.73, 127.63, 127.76, 128.42, 129.38, 129.45, 129.66, 131.54, 131.81, 132.09, 
133.61, 137.66, 138.44, 147.73, 163.06, 163.88; HRMS (ESI) m/z calcd for 
C27H2279BrNO5S [M+Na]+ = 574.0320, found = 574.0328; C27H2281BrNO5S 
[M+Na]+576.0315, found 576.0310; The ee value was 92%, tR (minor) = 25.0 min, tR 
(major) = 36.1 min (Chiralcel IC-H, λ = 254 nm, 30% iPrOH/hexanes, flow rate = 1.0 
mL/min). 
(R)-Naphthalen-2-yl-2-((4-chlorophenyl)(4-methoxyphenylsulfonamido)methyl)acryl
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A white solid; [α]25D = +20.6 (c 0.75, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.85 (s, 
3H), 5.41 (d, J = 8.7 Hz, 1H), 5.70 (d, J = 8.9 Hz, 1H), 6.09 (s, 1H), 6.57 (s, 1H), 6.95 
(d, J = 9.0 Hz, 2H),7.01 (dd, J = 9.0 Hz, 2.3 Hz, 1H), 7.16 (d, J = 8.5 Hz, 2H), 7,24 (d, 
J = 8.5 Hz, 2H), 7.37 (d, J = 2.1 Hz, 1H), 7.45-7.50 (m, 2H), 7.73-7.76 (m, 3H), 
7.80-7.83(m, 2H); The characterization datas were in agreement with the literature 
value3; The ee value was 92%, tR (minor) = 22.7 min, tR (major) = 32.4 min (Chiralcel 







A white solid; [α]25D = +10.3 (c 1.20, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.83 (s, 
3H), 5.50 (d, J = 8.8 Hz, 1H), 5.80 (d, J = 9.5 Hz, 1H), 6.09 (s, 1H), 6.59 (s, 1H), 6.90 
(d, J = 8.9 Hz, 2H), 7.01 (dd, J = 8.8 Hz, 1.9 Hz, 1H), 7.37 (d, J = 8.2 Hz, 3H), 
7.45-7.48 (m, 2H), 7.49-7.53 (m, 2H), 7.73-7.76 (m, 3H), 7.79-7.83 (m, 2H); 13C 
NMR (125 MHz, CDCl3) δ 55.58, 58.89, 114.17, 118.35, 120.47, 125.61, 125.64, 
125.99, 126.77, 127.02, 127.60, 127.76, 129.35, 129.49, 130.17, 131.52, 131.96, 
133.55, 138.09, 142.45, 147.61, 163.06, 163.81; HRMS (ESI) m/z calcd for 
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C28H22F3NO5S [M+Na]+ = 564.1063, found = 564.1040; The ee value was 90%, tR 
(minor) = 15.4 min, tR (major) = 21.7 min (Chiralcel IC-H, λ = 254 nm, 30% 




A white solid; [α]25D = +4.2 (c 0.95, CHCl3); 1H NMR (300 MHz，CDCl3) δ 3.84 (s, 
3H), 5.51 (d, J = 9.4 Hz, 1H), 5.84 (d, J = 9.4 Hz, 1H), 6.10 (s, 1H), 6.61 (s, 1H), 6.93 
(d, J = 8.9 Hz, 2H), 7.01 (dd, J = 8.9 Hz, 2.6 Hz, 1H), 7.38 (d, J = 2.1 Hz, 1H), 
7.45-7.50 (m, 4H), 7.75-7.84 (m, 5H), 8.14 (d, J = 8.9 Hz, 2H). The characterization 
data were in agreement with the literature report3; The ee value was 92%, tR (minor) = 
32.8 min, tR (major) = 49.2 min (Chiralcel OD-H, λ = 254 nm, 30% iPrOH/hexanes, 
flow rate = 1.0 mL/min). 
(R)-Naphthalen-2-yl 2-((4-methoxyphenylsulfonamido)(m-tolyl)methyl)acrylate 2-3i 
 
A white solid; [α]25D = +2.6 (c 0.77, CHCl3); 1H NMR (500 MHz, CDCl3) δ 2.26 (s, 
3H), 3.85 (s, 3H), 5.40 (d, J = 8.6 Hz, 1H), 5.49 (d, J = 8.6 Hz, 1H), 6.14 (s, 1H), 6.58 
(s, 1H), 6.92-7.01 (m, 5H), 7.06 (d, J = 7.7 Hz, 1H), 7.15-7.18 (m, 1H), 7.36 (d, J = 
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1.8 Hz, 1H), 7.44-7.49 (m, 2H), 7.74-7.82 (m, 5H). The characterization data were in 
agreement with the literature report3; The ee value was 91%, tR (minor) = 25.6 min, tR 









A white solid; [α]25D = +3.0 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.85 (s, 
3H), 5.41 (d, J = 7.1 Hz, 1H), 5.69 (d, J = 7.7 Hz, 1H), 6.10 (s, 1H), 6.59 (s, 1H), 6.92 
(d, J = 8.7 Hz, 2H), 7.03 (dd, J = 8.7 Hz, 2.1 Hz, 1H), 7.12-7.15 (m, 2H), 7.19-7.22 
(m, 2H), 7.39 (d, J = 1.8 Hz, 1H), 7.45-7.50 (m, 2H), 7.74-7.77 (m, 3H), 7.80-7.83 (m, 
2H); 13C NMR (125 MHz, CDCl3) δ 55.62, 58.64, 114.19, 118.38, 120.54, 
124.70,125.93, 126.70, 126.89, 127.61, 127.74, 128.13, 129.36, 129.45, 129.97, 
130.82, 131.49, 131.92, 133.55, 134.62, 138.13, 140.47, 147.64, 163.03, 163.82; 
HRMS (ESI) m/z calcd for C27H22ClNO5S [M+Na]+ = 530.0823, found = 530.0815; 
The ee value was 90%, tR (minor) = 20.4 min, tR (major) = 29.1 min (Chiralcel IC-H, 
λ = 254 nm, 30% iPrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-Naphthalen-2-yl-2-((4-methoxyphenylsulfonamido)(2-(trifluoromethyl)phenyl)me
thyl)acrylate 2-3k 
Chapter 2 Enantioselective aza-MBH Reaction 
- 116 - 
 
 
A white solid; [α]25D = +8.8 (c 1.30, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.63 (s, 
3H), 5.60 (d, J = 7.0 Hz, 1H), 5.74 (s, 1H), 6.01 (d, J = 7.0 Hz, 1H), 6.60 (s, 1H), 6.76 
(d, J = 8.9 Hz, 2H), 7.08 (dd, J = 8.9 Hz, 2.6 Hz, 1H), 7.37-7.41 (m, 2H), 7.46-7.51 
(m, 3H), 7.65 (d, J = 7.6 Hz, 1H), 7.70-7.72 (m, 3H), 7.77-7.84 (m, 3H); 13C NMR 
(75 MHz, CDCl3) δ 54.00, 55.33, 113.93, 118.46, 120.75, 125.86, 126.44, 126.50, 
126.63, 127.66, 127.73, 128.11, 129.33, 129.42, 131.39, 131.51, 132.09, 133.56, 
137.03, 139.11, 147.83, 162.86, 164.04; HRMS (ESI) m/z calcd for C28H22F3NO5S 
[M+Na]+ = 564.1063, found = 564.1048; The ee value was 97%, tR (minor) = 20.3 
min, tR (major) = 43.0 min (Chiralcel IC-H, λ = 254 nm, 30% iPrOH/hexanes, flow 




A white solid; [α]25D = -13.2 (c 1.10, CHCl3); 1H NMR (300 MHz，CDCl3) δ 3.75 (s, 
3H), 5.74 (d, J = 8.4 Hz, 1H), 5.92 (d, J = 8.6 Hz, 1H), 6.14 (s, 1H), 6.63 (s, 1H), 6.82 
(d, J = 8.9 Hz, 2H), 7.06 (dd, J = 8.9 Hz, 2.3 Hz, 1H), 7.12-7.21 (m, 2H), 7.27-7.31 
(m, 1H), 7.35-7.51 (m, 4H), 7.71-7.84 (m, 5H); 13C NMR (75 MHz, CDCl3) δ 55.48, 
55.62, 113.99, 118.44, 120.72, 125.83, 126.61, 127.02, 127.61, 127.71, 128.94, 
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129.21, 129.34, 129.90, 130.31, 131.47, 131.76, 133.01, 133.56, 135.66, 137.80, 
147.80, 162.86, 164.04; HRMS (ESI) m/z calcd for C27H22ClNO5S [M+Na]+ = 
530.0823, found = 530.0801; The ee value was 90%, tR (minor) = 26.2 min, tR (major) 








A white solid; [α]25D = -9.4 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.73 (s, 
3H), 5.67 (d, J = 8.2 Hz, 1H), 5.92 (d, J = 8.2 Hz, 1H), 6.14 (s, 1H), 6.64 (s, 1H), 6.81 
(d, J = 8.8 Hz, 2H), 7.06-7.12 (m, 2H), 7.20-7.23 (m, 1H), 7.39-7.42 (m, 2H), 
7.44-7.50 (m, 3H), 7.72-7.78 (m, 3H), 7.80-7.83 (m, 2H); 13C NMR (75 MHz, CDCl3) 
δ 55.47, 57.79, 114.00, 118.47, 120.75, 123.42, 125.85, 126.63, 127.63, 127.66, 
127.73, 129.15, 129.37, 129.48, 130.65, 131.48, 131.74, 133.27, 133.58, 137.29, 
137.93, 147.82, 162.88, 164.08; HRMS (ESI) m/z calcd for C27H2279BrNO5S [M+Na]+ 
= 574.0320, found = 574.0330; C27H2281BrNO5S [M+Na]+576.0315, found 575.0301; 
The ee value was 90%, tR (minor) = 28.5 min, tR (major) = 49.8 min (Chiralcel IC-H, 
λ = 254 nm, 30% iPrOH/hexanes, flow rate = 1.0 mL/min). 
(S)-Naphthalen-2-yl-2-((2-fluorophenyl)(4-methoxyphenylsulfonamido)methyl)acryla
te 2-3n 
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A white solid; [α]25D = -22.4 (c 0.90, CHCl3); 1H NMR (300 MHz, CDCl3) δ 3.80 (s, 
3H), 5.73 (s, 1H), 6.15 (s, 1H), 6.58 (s, 1H), 6.84 (d, J = 8.9 Hz, 2H), 6.92-7.08 (m, 
3H), 7.18-7.29 (m, 2H), 7.41-7.51 (m, 3H), 7.70-7.82 (m, 5H); 13C NMR (75 MHz, 
CDCl3) δ 53.36, 53.39, 55.54, 114.03, 115.66 (d, J = 21.3 Hz), 118.43, 120.68, 124.27 
(d, J = 3.5 Hz), 125.57, 125.85, 126.64, 127.67 (d, J = 8.7 Hz), 128.77, 128.81, 
129.26, 129.36 (d, J = 5.4 Hz), 129.69, 129.80, 131.47, 131.82, 133.58, 138.01, 
147.79, 160.2 (d, J = 244.9 Hz)162.87, 163.97; HRMS (ESI) m/z calcd for 
C27H22FNO5S [M+Na]+ = 514.1095, found = 514.1103; The ee value was 91%, tR 
(minor) = 24.5 min, tR (major) = 46.9 min (Chiralcel IC-H, λ = 254 nm, 30% 
iPrOH/hexanes, flow rate = 1.0 mL/min). 
(S)-Naphthalen-2-yl 2-(furan-2-yl(4-methoxyphenylsulfonamido)methyl)acrylate 2-3o 
 
A white solid; [α]25D = +12.4 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.84 (s, 
3H), 5.54 (d, J = 8.8 Hz, 1H), 5.61 (d, J = 9.5 Hz, 1H), 6.09 (s, 1H), 6.15 (d, J = 3.2 
Hz, 1H), 6.27 (dd, J = 3.2 Hz, 1.9 Hz, 1H), 6.58 (s, 1H), 6.93 (d, J = 9.5 Hz, 2H), 7.11 
(dd, J = 9.5 Hz, 2.5 Hz, 1H), 7.28 (d, J = 1.3 Hz, 1H), 7.46-7.51 (m, 3H), 7.77-7.85 
(m, 5H). The characterization data were in agreement with the literature report3; The 
ee value was 95%, tR (minor) = 30.5 min, tR (major) = 42.3 min (Chiralcel IC-H, λ = 
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A white solid; [α]25D = +20.3 (c 0.80, CHCl3); 1H NMR (300 MHz，CDCl3) δ 3.85 (s, 
3H), 5.64 (d, J = 8.7 Hz, 1H), 5.80 (d, J = 8.7 Hz, 1H), 6.12 (s, 1H), 6.56 (s, 1H), 6.85 
(d, J = 3.5 Hz, 1H), 6.93 (m, 3H), 7.05 (dd, J = 8.9 Hz, 2.2 Hz, 1H), 7.21 (d, J = 5.1 
Hz, 1H), 7.41 (d, J = 2.1 Hz, 1H), 7.44-7.52 (m, 2H), 7.76-7.84 (m, 5H); 13C NMR 
(125 MHz, CDCl3) δ 55.60, 114.16, 118.41, 120.64, 125.23, 125.67, 125.88, 126.67, 
127.15, 127.60, 127.74, 129.41, 129.47, 129.66, 131.48, 131.98, 133.56, 138.22, 
142.65, 147.70, 162.99, 163.82; HRMS (ESI) m/z calcd for C25H21NO5S2 [M+Na]+ = 
502.0753, found = 502.0769; The ee value was 96%, tR (minor) = 58.1 min, tR (major) 








A white solid; [α]25D = -18.7 (c 0.75, CHCl3); 1H NMR (300 MHz, CDCl3) δ (ppm) 
3.80 (s, 3H), 5.67 (d, J = 8.7 Hz, 1H), 5.83 (d, J = 8.7 Hz, 1H), 6.24 (s, 1H), 6.67 (s, 
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1H), 6.87 (d, J = 8.9 Hz, 2H), 7.04 (dd, J = 8.9 Hz, 2.3 Hz, 1H), 7.33-7.39 (m, 2H), 
7.47-7.53 (m, 5H), 7.67 (m, 1H), 7.72-7.83 (m, 9H). The characterization data were in 
agreement with the literature report3; The ee value was 88%, tR (minor) = 35.2 min, tR 





A white solid; 1H NMR (300 MHz, CDCl3) δ (ppm) 0.87-1.01 (m, 2H), 1.14-1.33 (m, 
4H), 1.47-1.77 (m, 4H), 2.01-2.14 (m, 1H), 2.47 (s, 3H), 3.86-3.92 (m, 1H), 5.44 (d, J 
= 10.0 Hz, 1H), 5.71 (s, 1H), 6.33 (s, 1H), 7.12 (dd, J = 8.9 Hz, 2.3 Hz, 1H), 
7.30-7.33 (m, 2H), 7.47 (d, J = 2.1 Hz, 1H), 7.52-7.57 (m, 2H), 7.75 (d, J = 8.8 Hz, 
2H), 7.83-7.92 (m ,3H); The ee value was 72%, tR (minor) = 12.9 min, tR (major) = 
18.5 min (Chiralcel IC-H, λ = 254 nm, 30% iPrOH/hexanes, flow rate = 1.0 mL/min). 
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Chapter 3 Highly Enantioselective [3+2] 
Annulation of MBH Adducts Mediated by 
L-Threonine Derived Bifunctional 
Phosphines: Creation of 
3-Spirocyclopentene-2-oxindoles with Two 
Contiguous Quaternary Centers 
 
The MBH adducts were employed as a C3-synthon in the asymmetric [3+2] 
annulation for the first time. L-Threonine-derived novel phosphinethiourea 
catalyst 3-5d was found to promote [3+2] cyclization between 
2-(2-oxoindolin-3-ylidene)malononitriles and MBH carbonates in a highly 
regioselective and stereoselective manner, affording optically enriched 
3-spirocyclopentene-2-oxindoles containing two contiguous quaternary centers 
adjacent to a tertiary chiral center. 
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3.1 Introduction 
Spirocyclic oxindoles1 are the structural motifs frequently found in many natural 
products and biologically active molecules.2 Among many spirooxindole cores, the 
3,3’-pyrrolidinyl-spirooxindole units are well-known for their strong bioactivity 
profiles, thus synthetic studies toward this fused heterocyclic system have been 
pursued intensively. On the other hand, oxindoles with spiral carbocyclic rings are 
also important substructures that are widely present in numerous bioactive natural 
products. In this context, 3-spirocyclopentane-2-oxindoles containing two adjacent 
quaternary centers are particularly striking structural motifs3 (Figure 3.1), and their 
efficient asymmetric constructions are formidable synthetic tasks.4 To the best of our 
knowledge, there were only two catalytic asymmetric synthesis in the literature 
dealing with similar structural scaffolds.  Trost and co-workers reported an 
enantioselective construction of spirocyclic oxindolic cyclopentanes via a 
palladium-catalyzed [3+2] cycloaddition of trimethylenemethane. 5  Very recently, 
Marinetti et al. disclosed an organocatalytic asymmetric [3+2] cyclization between 
                                                              
1 For reviews, see: (a) Marti, C.; Carreira, E. M. Eur. J. Org. Chem.2003, 2209. (b) Williams, R. M.; Cox, R. J. 
Acc. Chem. Res. 2003, 36, 127. (c) Lin, H.; Danishefsky, S. J. Angew. Chem. Int. Ed. 2003, 42, 36. (d) Galliford, 
C. V.; Scheidt, K. A. Angew. Chem. Int. Ed. 2007, 46, 8748. (e) Trost, B. M.; Brennan, M. K. Synthesis 2009, 
3003. (f) Zhou, F.; Liu, Y.-L.; Zhou, J. Adv. Synth. Catal. 2010, 352, 1381. 
2 (a) Ding, K.; et al. J. Am. Chem. Soc. 2005, 127, 10130. (b) Shangary, S.; et al. Proc. Natl. Acad. Sci. U.S.A. 
2008, 105, 3933. (c) Fensome, A.; et al. J. Med. Chem. 2008, 51, 1861. 
3 (a) Bond, R. F.; Boeyens, J. C. A.; Holzapfel, C. W.; Steyn, P. S.; J. Chem.Soc. Perkin Trans. 1 1979, 1751. (b) 
Polonsky,J. M.; Merrien, M. A.; Prange, T.; Pascard, C. J. Chem. Soc. Chem. Commun. 1980, 601. (c) 
Mugishima, T.; Tsuda, M.; Kasai, Y.; Ishiyama, H.; Fukushi, E.; Kawabata, J.; Watanabe, M.; Akao, K.; 
Kobayashi, J. J. Org. Chem. 2005, 70, 9430. (d) a) Greshock, T. J.; Grubbs, A. W.; Jiao, P.; Wicklow, D. T.; 
Gloer, J. B.; Williams, R. M. Angew. Chem. Int. Ed. 2008, 47, 3573. (e) Tsukamoto, S.; Kawabata, T.; Kato, H.; 
Greshock, T. J.; Hirota, H.; Ohta, T.; Williams, R. M. Org. Lett. 2009, 11, 1297. (f) Miller, K. A.; Tsukamoto, S.; 
Williams, R. M. Nat. Chem. 2009, 1, 63. 
4 For selected examples on the asymmetric construction of oxindoles with spiral 6-membered carbocyclic rings, 
see: (a) Ashimori, A.; Bachand, B.; Overman, L. E.; Poon, D. J. J. Am. Chem. Soc. 1998, 120, 6477. (b) 
Miyamoto, H.; Okawa, Y.; Nakazaki, A.; Kobayashi, S. Angew. Chem. Int. Ed. 2006, 45, 2274. (c) Bencivenni, 
G.; Wu, L.-Y.; Mazzanti, A.; Giannichi, B.; Pesciaioli, F.; Song, M.-P.; Bartoli, G.; Melchiorre, P. Angew. Chem. 
Int. Ed. 2009, 48, 7200. (d) Jiang, K.; Jia, Z.-J.; Chen, S.; Wu, L.; Chen, Y.-C. Chem. Eur. J. 2010, 16, 2852. (e) 
Wei, Q.; Gong, L.-Z. Org. Lett. 2010, 12, 1008. Also see: (f) Corkey, B. K.; Toste, F. D. J. Am. Chem. Soc. 2007, 
129, 2764. (g) Pattersson, M.; Knueppel, D.; Martin, S. F. Org. Lett. 2007, 9, 4623. 
5 Trost, B. M.; Cramer, N.; Silverman, S. M. J. Am. Chem. Soc. 2007, 129, 12396. 
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Figure 3.1 Spirocyclicpentane-oxindole structures with two contiguous quaternary Centers 
Nucleophilic catalysis employing chiral phosphines is an intensively explored 
research area in asymmetric catalysis.7 For the construction of five-membered ring 
systems, phosphine-mediated [3+2] annulation represents one of the most efficient 
approaches.8 As part of our research program toward the development of asymmetric 
synthetic methods catalyzed by amino acid-based organocatalysts, 9  we recently 
focused on the development of novel chiral phosphines from amino acids. We showed 
that dipeptide-derived novel phosphines were powerful catalysts for the 
enantioselective alleneacrylate [3+2] cycloadditions.8n More recently, we also 
derived a series of phosphinesulfonamide bifunctional catalysts and demonstrated 
                                                             
6 Voituriez, A.; Pinto, N.; Neel, M.; Retailleau, P.; Marinetti, A. Chem. Eur. J. 2010, 16, 12541. 
7 See refs.8 in Chapter 1. 
8 For Lu’s initial report and subsequent studies, see: (a) Zhang, C.; Lu, X. J. Org. Chem. 1995, 60, 2906. (b) Xu, Z.; 
Lu, X. J. Org. Chem. 1998, 63, 5031. (c) Lu, Z.; Zheng, S.; Zhang, X.; Lu, X. Org. Lett. 2008, 10, 3267. (d) 
Zheng, S.; Lu, X. Org. Lett. 2008, 10, 4481. (e) Du, Y.; Lu, X. J. Org. Chem. 2003, 68, 6463. (f) Xu, Z.; Lu, X. 
Tetrahedron Lett. 1999, 40, 549. For selected asymmetric [3+2] cycloadditions, see: (g) Zhu, G.; Chen, Z.; Jiang, 
Q.; Xiao, D.; Cao, P.; Zhang, X. J. Am. Chem. Soc. 1997, 119, 3836. (h) Wilson, J. E.; Fu, G. C. Angew. Chem. 
Int. Ed. 2006, 45, 1426. (i) Cowen, B. J.; Miller, S. J. J. Am. Chem. Soc. 2007, 129, 10988. (j) Fang, Y. Q.; 
Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 5660. (k) Voituriez, A.; Panossian, A.; Fleury-Brégeot, N.; 
Retailleau, P.; Marinetti, A. J. Am. Chem. Soc. 2008, 130, 14030. (l) Sampath, M.; Loh, T.-P. Chem. Sci. 2010, 1, 
739. (m) Xiao, H.; Chai, Z.; Zheng, C.-W.; Yang, Y.-Q.; Liu, W.; Zhang, J.-K.; Zhao, G. Angew. Chem. Int. Ed. 
2010, 49, 4467. (n) Han, X.; Wang, Y.; Zhong, F.; Lu, Y. J. Am. Chem. Soc. 2011, 133, 1726. 
9 See refs. 89 & 90 in Chapter 1. 
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their effectiveness in the enantioselective aza-MBH reactions (Chapter 2).10 We 
envisioned that phosphine-mediated [3+2] cyclizations may be utilized to construct 
spiral oxindole cores (Scheme 2). The electron-deficient alkene components necessary 
for the annulation reactions can be conveniently derived from isatins. It should be 
noted that such tetra-substituted activated alkenes are unexplored substrates in the 
asymmetric [3+2] cyclization processes, and their successful elaboration in the 
cycloaddition may create two contiguous quaternary centers. Allenes and alkynes are 
commonly employed as C3-synthons in the annulation reactions, in this context, 
employment of more readily available and versatile C3-synthons in the annulations is 
certainly ideal. The MBH reaction is one of the most atom economic reactions for the 
construction of densely functionalized products, 11  and the MBH adducts are 
tremendously useful intermediates in organic synthesis. In the past few years, Lu and 
co-workers pioneered the use of the MBH adducts in [3+2] cyclizations and various 
cycloadditions.12 However, an asymmetric cycloaddition employing the MBH adducts 
is yet to be developed.13 Compared with allenes and alkynes, the MBH adducts are 
much more challenging substrates for such annulations; their lower reactivity makes 
the development of an asymmetric catalytic annulation process particularly difficult. 
Given the high nucleophilicity observed for our amino acid-derived chiral 
                                                              
10  Zhong, F.; Wang, Y.; Han, X.; Huang, K.-W.; Lu, Y. Org. Lett. 2011, 13, 1310. 
11 See refs. 11 in Chapter 1. 
12 For the contributions from Lu group, see: (a) Du, Y.; Lu, X.; Zhang, C. Angewandte Chem. Int. Ed. 2003, 42, 1035. 
(b) Du, Y.; Feng, J.; Lu, X. Org. Lett. 2005, 7, 1987. (c) Feng, J.; Lu, X.; Kong, A.; Han, X. Tetrahedron 2007, 63, 
6035. (d) Lu, X.; Zeng, S. Org. Lett. 2008, 10, 4481. (e) Lu, X.; Zeng, S. Tetrahedron Lett. 2009, 50, 4532. For 
other examples, see: (f) Xie, P.; Huang, Y.; Chen, R. Org. Lett. 2010, 10, 3768. (g) Chen, Z.; Zhang, J. Chem. 
Asian J. 2010, 5, 1542. 
13 During the preparation of this manuscript, Barbas and co-workers reported an enantioselective 
phosphine-catalyzed [3+2] cycloaddition using MBH carbonates, see: Tan, B.; Candeias, N. R.; Barbas, C. F., III, 
J. Am. Chem. Soc. 2011, 133, 4672. 
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phosphines,8n,10 we reasoned our catalysts may be suitable for such an activation. 
Herein, we document the first highly enantioselective [3+2] cycloaddition between 
the MBH carbonates and isatin-derived tetra-substituted activated alkenes, creating 




























activated alkenes  
Scheme 3.1 Construction of 3-Spirocyclopentene-2-oxindoles via a Phosphine-Catalyzed 
[3+2] Cycloadditions of MBH Adducts 
 
3.2 Results and Discussion 
3.2.1 Reaction Optimization 
The [3+2] cycloaddition between isatin-derived ,-dicyanoalkene14 3-7 and the 
MBH carbonate 3-8 was selected as a model reaction, and the catalytic effects of 
various amino acid-derived phosphines were examined (Figure 3.2) and the results are  
summarized in Table 3.1. To induce an effective stereochemical control, potential 
interactions of the catalyst with the hydrogen bond donor groups in the isatin 
derivatives seem to be important, thus, a number of amino acid-based phosphines with 
various Brønsted acid moieties were prepared. L-Valine-derived 
phosphinesulfonamide 3-1 showed poor catalytic activity (entry 1). In the presence 
of valine-derived amide 3-2 or carbamate 3-3, the reaction proceeded smoothly, 
                                                             
14  For a recent excellent review on the uses of α,α-dicyanoalkenes in organic synthesis, see: (a) Cui, H.-L.; Chen, 
Y.-C. Chem. Commun.2009, 4479. For a recent non-asymmetric [3+2] annulations between allenoates and 
substituted alkylidenemalononitriles, see: (b) Org. Lett. 2008, 10, 3267. 
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affording the desired cyclization product in excellent yield, albeit with low 
stereoselectivity (entries 2-3). Valine-derived phosphinetiourea 3-4 displayed 
much-improved catalytic effects, and the products were obtained in excellent yield 
and with moderate enantioselectivity. However, the ratio of - to - regioisomer 
remained very poor (entry 4). With our previous success in threonine-based catalytic 
systems,9 we then focused on threonine-derived phosphinethiourea catalysts. To our 
delight, the enantioselectivity was significantly improved when the threonine core 
was introduced, and only one diastereomer was observed. Common sterically 
hindered silyloxy groups all proved to be effective, and catalyst 3-5d with a TIPS 
group gave slightly better results (entries 5-8). Replacement of thiourea moiety in the 
catalyst with urea resulted in an increased reaction rate, but with a slightly decreased 
ee (entry 9). It should be noted that thiourea containing 3,5-bis-trifluoromethylphenyl 
group was not more effective than 4-fluorophenyl-derived thiourea, and the latter was 
thus chosen as it is more economical (entry 5 versus 10).   
3-6
3-5a: R = TBS, X = S
3-5b: R = TDS, X = S
3-5c: R = TBDPS, X = S
3-5d: R = TIPS, X = S



























Figure 3.2 Bifunctional phoshines examined in the [3+2] annulation 
To improve the regioselectivity of the reaction, we next employed oxindoles with 
different N-alkyl groups and MBH carbonates bearing different ester groups (Figure 
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3.3). Gratifyingly, the introduction of a benzyl group on the oxindole nitrogen led to 
substantially enhanced regioselectivity (entry 11). When the N-para-methoxybenzyl 
(PMB) was employed, the cyclization products were formed with a  toratio of 14 
to 1 (entry 12). The utilization of N-trityl substrate 3-7d, however, resulted in very 
poor conversion, probably due to the steric hindrance introduced by the trityl group 
(entry 13). Variation of the ester groups in the MBH adducts led to further 
improvement; ethyl ester proved to be superior to the methyl ester (entry 14), and the 
utilization of the MBH adduct with the t-butyl ester further increased the ee of the 
cyclization product to 85% (entry 15). The carbonate group in the MBH adducts is 
important for the observed reactivity, since the corresponding MBH acetate was found 
to be inactive in the cycloaddition (entry16). The addition of 3Å molecular sieves to 
the reaction mixture was beneficial, the reaction rate was significantly enhanced and a 
better enantioselectivity was attainable (entry 17). A solvent screening was 
subsequently performed, and chloroform was identified to be the best solvent for the 
reaction (entries 18-24). Under the optimized conditions, diastereomerically pure 











3-7a: R1 = Me
3-7b: R1 = Bn
3-7c: R1 = PMB
3-7d: R1 = Trt
3-8a: R2 = Me, R = Boc
3-8b: R2 = Et, R = Boc
3-8c: R2 = t-Bu, R = Boc
3-8d: R2 = Me, R = Ac
 
Figure 3.3 Different ,-dicyanoalkenes and MBH carbonates screened. 
Table 3.1 Asymmetric [3+2] Annulations of MBH Adducts with Isatin-derived Activated 
Alkenes. 
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1 3-1 3-7a/3-8a THF 12 <30 - - 
2 3-2 3-7a/3-8a THF 12 90 1.5:1 10 
3 3-3 3-7a/3-8a THF 12 92 1.5:1 16 
4 3-4 3-7a/3-8a THF 12 94 1.5:1 35 
5 3-5a 3-7a/3-8a THF 12 93 2:1 71 
6 3-5b 3-7a/3-8a THF 12 89 2:1 70 
7 3-5c 3-7a/3-8a THF 12 83 2:1 69 
8 3-5d 3-7a/3-8a THF 12 93 2:1 74 
9 3-5e 3-7a/3-8a THF 6 92 2:1 68 
10 3-6 3-7a/3-8a THF 12 89 2:1 70 
11 3-5d 3-7b/3-8a THF 18 86 13:1 75 
12 3-5d 3-7c/3-8a THF 18 84 14:1 77 
13 3-5d 3-7d/3-8a THF 48 <30 - - 
14 3-5d 3-7c/3-8b THF 18 83 14:1 80 
15 3-5d 3-7c/3-8c THF 48 90 13:1 85 
16 3-5d 3-7c/3-8d THF 48 NR - - 
17e 3-5d 3-7c/3-8c THF 18 92 14:1 86 
18e 3-5d 3-7c/3-8c CH2Cl2 18 89 7:1 88 
19e 3-5d 3-7c/3-8c CH3CN 18 70 2:1 63 
20e 3-5d 3-7c/3-8c toluene 18 90 >20:1 90 
21e 3-5d 3-7c/3-8c DMF 48 trace - - 
22e 3-5d 3-7c/3-8c Et2O 18 91 >20:1 85 
23e 3-5d 3-7c/3-8c CH3OH 48 trace - - 
24e 3-5d 3-7c/3-8c CHCl3 18 93 13:1 96 
a Reactions were performed with 3-7 (0.05 mmol), 3-8 (0.075 mmol) and the catalyst (0.005 mmol) 
in solvent (0.5 mL) under Ar. b Yield of the isolated product. c The :ratios were determined by 
1H NMR analysis of the crude products. d The ee value of the major regioisomer, determined by 
HPLC analysis on a chiral stationary phase. e 3 Å molecular sieve (30 mg) was added. NR: no 
reaction. 
3.2.2 Substrate Scope 
The scope of phosphinethiourea 3-5d-mediated [3+2] annulations between a 
variety of 2-(2-oxoindolin-3-ylidene)malononitriles 3-7 and different MBH 
carbonates 3-8 was evaluated, and the results are summarized in Table 3.2. In general, 
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excellent yields and selectivities were attainable for all the examples examined. The 
reaction tolerated different aromatic moieties in the MBH carbonates 3-8. It should be 
noted that the presence of ortho-substituted aryls in 3-8 resulted in reduced 
regioselectivity and enantioselectivity (entries 12). The reaction also worked well for 
the 2-naphthyl, 3-furyl and 2-thiophenyl-containing MBH carbonates (entries 14-16). 
When the MBH adduct with a vinylic substituent was used, good enantioselectivity 
could be obtained (entry 17).15 The MBH carbonate bearing an alkyl group could also 
be employed, although the ee was only modest (entry 18). Given the intrinsic 
difficulty associated with the activation of alkyl-substituted MBH adduct,12c our 
example represented one of the best enantioselectivity attainable for this type of 
substrate in the [3+2] annulations. Moreover, reaction worked well for different 
isatin-derived ,-dicyanoalkenes, and good regioselectivities and enantioselectivities 
were observed (entries 20-23). The absolute configurations of cycloaddition products 
were determined based on X-ray crystal structural analysis of an amide derivative of 
3-9d. 
The 2-(2-oxoindolin-3-ylidene)malononitriles utilized in this study were 
prepared from isatins and malononitrile 3-11. To make our method more synthetically 
appealing, the feasibility of carrying out the reaction in one-pot was examined. The 
one-pot protocol proved to be equally effective; simply mixing isatin 3-10, 
malononitrile 3-11, and the MBH carbonate 3-8c in the presence of 3-5d resulted in a 
                                                             
15 Simple ethylene-containing MBH adduct could not be prepared, since the acrolein easily undergoes 
polymerization under the reaction conditions; MBH adducts with allylic substituents were not prepared, as the 
corresponding allylic aldehydes were reported to be unstable, see: Crimmins,.M. T.; Kirincich, A. S. J.; Wells, J.; 
Choy, A. L. Synth. Commun. 1998, 28, 3675. 
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smooth annulation reaction, delivering the spirooxindole 3-9a in 89% yield and with 
96% ee (Scheme 3.2). 
Table 3.2 Substrate Scope of the [3+2] Annulation. 
 
Entry R’/R (3-9) Yield [%][b] :c Ee [%]d 
1 Ph/H (3-9a) 93 13:1 96 
2 4-F-C6H5/H (3-9b) 92 17:1 94 
3 4-Cl-C6H5/H (3-9c) 96 21:1 94 
4 4-Br-C6H5/H (3-9d) 96 23:1 94 
5 4-CF3-C6H5/H (3-9e) 90 16:1 93 
6 4-CN-C6H5/H (3-9f) 92 14:1 93 
7 4-Me-C6H5/H (3-9g) 94 12:1 94 
8 3-Cl-C6H5/H (3-9h) 95 13:1 95 
9 3-Br-C6H5/H (3-9i) 91 12:1 94 
10 3-Me-C6H5/H (3-9j) 92 15:1 95 
11 3-CN-C6H5/H (3-9k) 93 15:1 92 
12 2-F-C6H5/H (3-9l) 89 4:1 87 
13e 3,5-CF3-C6H4/H (3-9m) 78 14:1 91 
14 2-naphthyl/H (3-9n) 94 16:1 94 
15 3-furyl/H (3-9o) 91 4:1 87 
16f 2-thiophenyl/H (3-9p) 91 1:1 90 
17g (E)-PhCH=CH/H (3-9q) 94 25:1 75 
18h PhCH2CH2/H (3-9r) 83 1:2 65 
19i CO2Et/H (3-9s) 92 1:1 96 
20 Ph/5-Me (3-9t) 89 12:1 99 
21 Ph/5,7-Me (3-9u) 86 10:1 96 
22 Ph/7-Cl (3-9v) 82 7:1 91 
23 Ph/7-F (3-9w) 85 7:1 94 
a Reactions were performed with 4-7 (0.05 mmol), 4-8 (0.075 mmol), 4-5d (0.005 mmol), and 3 Å 
molecular sieves (30 mg) in CHCl3 (0.5 mL) under Ar. b Yield of the isolated product. c The 
:ratios were determined by 1H NMR analysis of the crude products, and the two isomers could 
be easily separated. d The ee value of -regioisomer, determined by HPLC analysis on a chiral 
stationary phase. e The reaction time was 36 h. f The ee of -isomer was 53%. g The reaction was 
performed with 10 mol % 3-5e in toluene (1.0 mL) at 80 oC for 10 min. h The reaction was 
performed with 20 mol % 3-5e at 0 oC for 48 h, and the ee of -isomer was 67%. i The reaction 
was performed at 0 oC for 1h, and the ee of -isomer was 54%. 
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Scheme 3.2 One-pot construction of 3-spirocyclopentene-2-oxindole 3-9a 
3.2.3 Mechanistic Consideration 
A plausible reaction mechanism is proposed in Scheme 3.3. The reaction is initiated 
by the nucleophilic attack of the phosphine on the MBH carbonate 3-8c, yielding 
phosphonium salt a. The in-situ generated tert-butoxide anion deprotonates A to give 
ylide B, which undergoes γ- addition to alkene 3-7c to give intermediate C. 
Subsequent intramolecular cyclization then creates D, and the elimination of 
phosphine moiety regenerates catalyst and affords the final cycloaddition product. 
The in-situ generated tert-butoxide anion is crucial for the reaction, as the cyclization 
did not occur when the MBH acetate was employed (Table 1, entry 15). The observed 
-selectivity may be attributed to the steric hindrance induced by the N-PMB group of 
3-7 in the key cycloaddition step, and the potential aromatic interactions cannot be 
excluded at this stage. We believe hydrogen bonding interactions between the 
thiourea moiety of the catalyst and the isatins play a crucial role in asymmetric 
induction. Such assumption has been supported experimentally; the methylated 
phosphinethiourea16 12 was able to catalyze the [3+2] annulations between 3-7c and 
3-8c, however, a 2:1  to ratio and 11% ee (for the -isomer of 3-9a) were obtained, 
                                                             
16  Bis-methylated thioureaphosphine could not be prepared, see Section 2.4.2 
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comparing to 12 to 1 regioselectivity and 83% ee when 3-4 was used under otherwise 
identical conditions (Figure 3.3). 
 
Scheme 3.3 Proposed Mechanism 
 
Figure 3.3 [3+2] Annulation of 3-7c and 3-8c promoted by 3-4 or 3-12 
 
3.3 Conclusions 
In conclusion, we have utilized the MBH carbonates as C3-synthons in 
asymmetric [3+2] annulation reactions for the first time; such MBH carbonates, 
compared with allenes and alkynes, are more readily available and versatile, thus their 
applications in the asymmetric synthesis are well-anticipated. We have also developed 
a threonine-derived phosphinethiourea catalyst-promoted stereoselective [3+2] 
cycloaddition process between the MBH carbonates and isatin-derived 
tetra-substituted alkenes; this strategy allows for facile enantioselective preparation of 
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biologically important 3-spirocyclopentene-2-oxindoles with two contiguous 
quaternary centers. Biological evaluations of our synthetic spirooxindoles, further 
applications of the MBH adducts in other asymmetric organic reactions, and 
mechanistic understandings of this novel [3+2] annulation are underway in our 
laboratory. 
3.4 Experimental Section 
3.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 
doublet), br (broad singlet). Coupling constants were reported in Hertz (Hz). Low 
resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high 
resolution mass spectra were obtained on a Finnigan/MAT 95XL- T spectrometer. For 
thin layer chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) 
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were used, and compounds were visualized with a UV light at 254 nm. Further 
visualization was achieved by staining with iodine, or ceric ammonium molybdate 
followed by heating on a hot plate. Flash chromatographic separations were 
performed on Merck 60 (0.040- 0.063 mm) mesh silica gel. The enantiomeric 
excesses of products were determined by chiral-phase HPLC analysis, using a Daicel 
Chiralcel IC-H column (250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column 
(250 x 4.6 mm). 
All the 2-(2-oxoindolin-3-ylidene)malononitriles 3-7 were prepared from the 
corresponding isatins following the literature procedures.17 The MBH adducts 3-8 
were synthesized following the literature method.18 Catalysts 3-119, 3-2, 3-3, 3-410 
were prepared using the reported methods. 
3.4.2 Preparation of the Catalysts 




To a solution of (2R,3S)-3-amino-4-(diphenylphosphino)butan-2-ol 3-5-18n (273 
                                                              
17 (a) Itoh, T.; Ishikawa, H.; Hayashi, Y. Org. Lett. 2009, 11, 3854. (b) Liu, H.; Dou, G.; Shi, D. J. Comb. Chem. 2010, 
12, 292. 
18 Feng, J.; Lu, X.; Kong, A.; Han, X. Tetrahedron, 2007, 63,6035. 
19 Kawamura, K.; Fukuzawa, H.; Hayashi, M. Org. Lett. 2008, 10, 3509. 
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mg, 1.0 mmol) in CH2Cl2 (6 mL) was added 4-fluorophenyl isothiocyanate (170 mg, 
1.1 mmol) under N2, and the resulting mixture was stirred at room temperature for 2 
hrs. Solvent was removed under reduced pressure, and the residue was directly 
subjected to column chromatographic separation on silica gel using hexane/ethyl 
acetate (12:1 to 8: 1) as an eluent to afford 3-5-2 as a white solid (354 mg, 83% yield). 
A white solid; 80% yield; 1H NMR (300 MHz, CDCl3) δ 1.14 (d, J = 6.2 Hz, 3H), 
2.47-2.49 (m, 2H), 4.19-4.21 (m, 1H), 4.60 (br, 1H), 6.47 (d, J = 7.7 Hz, 1H), 
6.98-7.10 (m, 4H), 7.29-7.33 (m, 6H), 7.41-7.51 (m, 4H), 8.19 (s, 1H); 13C NMR (75 
MHz, CDCl3) δ 20.68, 31.56 (d, J = 14.7 Hz), 58.10 (d, J = 14.73 Hz), 68.87 (d, J = 
8.7 Hz), 116.72 (d, J = 22.9 Hz), 127.10, 127.15 (d, J = 8.7 Hz), 128.47 (d, J = 1.6 
Hz), 128.57 (d, J = 1.6 Hz), 128.86 (d, J = 3.3 Hz), 132.06, 132.59 (d, J = 5.5 Hz), 
132.85 (d, J = 5.5 Hz), 137.26 (d, J = 10.4 Hz), 137.85 (d, J = 10.9 Hz), 161.05 (d, J 
= 246 Hz), 180.50; 31P NMR (121 MHz, CDCl3) δ -23.94; HRMS (ESI) m/z calcd for 
C23H24FN2OPS [M+H]+ = 427.1409, found = 427.1409. 
1-((2S,3R)-3-(tert-Butyldimethylsilyloxy)-1-(diphenylphosphino)butan-2-yl)-3-(4-flu
orophenyl)thiourea 3-5a 
To a solution of 3-5-2 (57.5 mg, 0.14 mmol) in THF (1 mL) at 0 oC was added 
NaH (22.4 mg, 0.60 mmol, 60% (w/w) in mineral oil) and the mixture was stirred at 
this temperature for 10 min, followed by the addition of tert-butyldimethylsilyl 
chloride (27.1 mg, 0.18 mmol). The reaction mixture was stirred for 2 hours, and then 
water (2 mL) was added to quench the reaction. The reaction mixture was extracted 
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with EtOAc (3 x 3 mL), and the combined organic extracts were dried over Na2SO4 
and concentrated. The residue was purified by column chromatography using 
hexanes/ethyl acetate (10:1 to 5:1) as an eluent to afford 3-5a as a white solid (64.3 
mg, 85% yield).  
1H NMR (500 MHz, CDCl3) δ 0.02 (s, 3H), 0.04 (s, 3H), 0.69 (s, 9H), 1.09 (d, J = 6.3 
Hz, 3H), 2.00-2.04 (m, 1H), 2.66 (dd, J = 4.4 Hz, 8.8 Hz, 1H), 4.35 (d, J = 5.7 Hz, 
1H), 4.45 (s, 1H), 6.37 (d, J = 8.9 Hz, 1H), 7.02-7.07 (m, 2H), 7.09-7.15 (m, 2H), 
7.23-7.29 (m, 3H), 7.35-7.40 (m, 5H), 7.64-7.70 (m, 2H), 7.93 (br, 1H); 13C NMR 
(125 MHz, CDCl3) δ -4.57, -4.56, -4.29, 17.62, 21.54, 31.89 (d, J = 14.6 Hz), 58.56 (d, 
J = 17.3 Hz), 68.51 (d, J = 11.9 Hz), 117.04 (d, J = 22.8 Hz), 127.97 (d, J = 7.9 Hz), 
128.34, 128.39, 128.45, 128.51, 128.82, 131.86, 132.65, 132.80, 133.15 (d, J = 6.6 
Hz), 136.94, 137.03, 139.03, 139.13, 161.44 (d, J = 246.3 Hz), 180.37; 31P NMR (121 
MHz, CDCl3) δ -22.60; HRMS (ESI) m/z calcd for C29H38FN2OPSSi [M+H]+ = 
541.2274, found = 541.2269. 
1-((2S,3R)-3-(((2,3-Dimethylbutan-2-yl)dimethylsilyl)oxy)-1-(diphenylphosphino)but
an-2-yl)-3-(4-fluorophenyl)thiourea 3-5b 
Catalyst 3-5b was prepared from 3-5-2 following the procedure described for the 
preparation of 3-5a. 
A white solid; 81% yield; 1H NMR (300 MHz, CDCl3) δ 0.08 (d, J = 6.9 Hz, 6H), 0.64 
(d, J = 2.0 Hz, 6H), 0.69 (d, J = 6.9 Hz, 6H), 1.36-1.45 (m, 1H), 2.03-2.10 (m, 1H), 
2.65-2.68 (m, 1H), 4.32 (d, J = 6.0 Hz, 1H), 4.47 (s, 1H), 6.31 (s, 1H), 7.03-7.15 (m, 
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4H), 7.26-7.40 (m, 8H), 7.65-7.70 (m, 2H), 7.89 (br, 1H); 13C NMR (75 MHz, CDCl3) δ 
-2.44, -2.40, 2.15, 18.36, 18.40, 20.08, 21.42, 24.60, 31.69 (d, J = 14.3 Hz), 33.80, 
58.62 (d, J = 18.5 Hz), 68.65 (d, J = 11.5 Hz), 117.02 (d, J = 23.3 Hz), 128.01 (d, J = 8.3 
Hz), 128.32, 128.42, 128.45, 128.54, 128.92, 131.86, 132.59, 132.84, 133.07, 133.34, 
161.02 (d, J = 245.9 Hz), 180.52; 31P NMR (121 MHz, CDCl3) δ -24.16; HRMS (ESI) 
m/z calcd for C31H43FN2OPSSi [M+H]+ = 569.2509, found = 569.2589. 
1-((2S,3R)-3-((tert-Butyldiphenylsilyl)oxy)-1-(diphenylphosphino)butan-2-yl)-3-(4-fl
uorophenyl)thiourea 3-5c 
Catalyst 3-5c was prepared from 3-5-2 following the procedure described for the 
preparation of 3-5a. 
A white solid; 61% yield; 1H NMR (300 MHz, CDCl3) δ 0.89 (s, 9H), 0.96 (d, J = 4.5 
Hz, 3H), 2.10-2.17 (m, 1H), 2.60-2.66 (m, 1H), 4.23-4.28 (m, 1H), 4.49 (s, 1H), 6.47 (d, 
J = 8.8 Hz, 1H), 7.01-7.07 (m, 2H), 7.14-7.19 (m, 2H), 7.26-7.28 (m, 5H), 7.30-7.36 (m, 
7H), 7.40-7.49 (m, 4H), 7.51-7.58 (m, 4H), 7.78 (br, 1H); 13C NMR (75 MHz, CDCl3) δ 
19.16, 21.37, 26.89, 29.67, 32.54 (d, J = 16.8 Hz), 58.76 (d, J = 17.4 Hz), 70.75 (d, J = 
10.4 Hz), 117.13 (d, J = 22.4 Hz), 127.49, 127.71, 128.08 (d, J = 8.8 Hz), 128.26, 
128.35, 128.39, 128.48, 128.75, 129.60, 129.80, 129.95, 132.58, 132.79, 132.83, 
133.03, 133.29, 133.51, 134.79, 135.82, 135.92, 137.49, 161.49 (d, J = 248.4 Hz), 
180.73; 31P NMR (121 MHz, CDCl3) δ -23.83; HRMS (ESI) m/z calcd for 
C39H43FN2OPSSi [M+H]+ = 665.2509, found = 665.2592. 
1-((2S,3R)-1-(Diphenylphosphino)-3-((triisopropylsilyl)oxy)butan-2-yl)-3-(4-fluoroph
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enyl)thiourea 3-5d 
Catalyst 3-5d was prepared from 3-5-2 following the procedure described for the 
preparation of 3-5a. 
A white solid; 73% yield; 1H NMR (300 MHz, CDCl3) δ 0.80 (br, 21H), 1.01 (d, J = 
6.2 Hz, 3H), 2.06 (t, J = 10.5 Hz, 1H), 2.51-2.58 (m, 1H), 4.34 (d, J = 5.7 Hz, 2H), 6.25 
(d, J = 8.5 Hz, 1H), 6.87-6.90 (m, 2H), 6.92-7.00 (m, 2H), 7.12-7.27 (m, 8H), 7.48-7.53 
(m, 2H), 7.83 (br, 1H); 13C NMR (75 MHz, CDCl3) δ 12.49, 18.06, 18.09, 32.11 (d, J = 
15.8 Hz), 58.90 (d, J = 18.5 Hz), 69.20 (d, J = 8.2 Hz), 116.96 (d, J = 22.4 Hz), 128.07 
(d, J = 8.7 Hz), 128.27, 128.37, 128.40, 128.48, 128.74, 131.82, 132.62, 132.87, 132.98, 
133.23, 137.34, 137.50, 139.00, 161.48 (d, J = 246.6 Hz), 180.48; 31P NMR (121 MHz, 
CDCl3) δ -23.69; HRMS (ESI) m/z calcd for C39H45FN2OPSSi [M+H]+ = 583.2665, 
found = 583.2746. 




To a solution of the amino phosphine 3-5-1 (82 mg, 0.30 mmol) in CH2Cl2 (2 mL) 
was added 4-fluorophenyl isocyanate (46 mg, 0.33 mmol) under N2 and the reaction 
mixture was stirred at room temperature for 2 hrs. Solvent was removed under 
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reduced pressure and the residue was directly subjected to column chromatographic 
separation on silica gel using hexane/ethyl acetate (12:1 to 8: 1) as an eluent to afford 
white solid intermediate (94 mg, 0.23 mmol). This intermediate was then dissolved in 
anhydrous CH2Cl2 (2 mL), followed by the addition of DIPEA (119 L, 0.69 mmol)  
and  tert-butyldimethylsilyl trifluoromethanesulfonate (63 L, 0.28 mmol). The 
reaction mixture was stirred at room temperature for 1 h, and solvent was removed. 
The residue was directly purified by column chromatography on silica gel using 
hexane/ethyl acetate (10:1 to 5:1) as an eluent to afford 3-5e as a white solid (107 mg, 
68% yield). 
1H NMR (500 MHz, CDCl3) δ 0.05 (s, 3H), 0.06 (s, 3H), 0.81 (s, 9H), 1.09 (d, J = 6.3 
Hz, 3H), 2.18 (dd, J = 7.6 Hz, 13.9 Hz, 1H), 2.40 (dd, J = 7.6 Hz, 13.2 Hz, 1H), 3.82 
(br, 1H), 4.19-4.20 (m, 1H), 5.26 (br, 1H), 6.94 (t, J = 8.5 Hz, 3H), 7.14-7.17 (m, 2H), 
7.28-7.38 (m, 8H), 7.52-7.54 (m, 2H); 13C NMR (125 MHz, CDCl3) δ -4.63, -4.36, 
17.83, 20.76, 25.72, 32.21 (d, J = 12.8 Hz), 53.15 (d, J = 13.3 Hz), 69.23 (d, J = 10.0 
Hz), 115.89 (d, J = 22.8 Hz), 124.15 (d, J = 7.3 Hz), 128.38, 128.44, 128.50, 128.56, 
128.65, 132.65, 132.70, 132.81, 132.84, 134.34, 137.77 (d, J = 11.8 Hz), 138.75 (d, J 
= 11.8 Hz), 155.83, 159.57 (d, J = 242.3 Hz); 31P NMR (121 MHz, CDCl3) δ -24.11; 
HRMS (ESI) m/z calcd for C29H38FN2O2PSi [M+H]+ = 525.2497, found = 525.2498. 
Preparation of phosphinethiourea catalyst 3-6 
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Catalyst 3-6 was prepared from intermediate 3-5-1 following the procedure 
described for the preparation of 3-5e. 
A white solid; 61% yield; 1H NMR (500 MHz, CDCl3) δ 0.04 (s, 6H), 0.66 (s, 9H), 
1.13 (d, J = 3.6 Hz, 3H), 2.16 (br, 1H), 2.68 (br, 1H), 4.34-4.40 (m, 2H), 6.46 (br, 1H), 
7.30-7.40 (m, 8H), 7.61 (br, 2H), 7.71 (br, 3H), 8.40 (br, 1H); 13C NMR (125 MHz, 
CDCl3) δ -4.72, -4.70, -4.35, 17.69, 21.32, 25.53, 31.57 (d, J = 14.7 Hz), 58.72 (d, J = 
16.7 Hz), 68.60 (d, J = 10.2 Hz), 120.05, 121.61, 123.78, 124.91, 128.48, 128.53, 
128.72, 128.99, 132.65, 132.80, 133.02, 133.17, 137.05, 138.39, 180.30; 31P NMR 
(121 MHz, CDCl3) δ -24.12; HRMS (ESI) m/z calcd for C31H37F6N2OPSSi [M+H]+ = 
659.2110, found = 659.2114. 
Preparation of methylated phosphinethiourea catalyst 3-12 
 
(S)-Ethyl (1-(diphenylphosphino)-3-methylbutan-2-yl)carbamate 3-12-1 
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To a solution of (2R,3S)-3-amino-4-(diphenylphosphino)butan-2-ol 3-5-15 (137 
mg, 0.5 mmol) in CH2Cl2 (5 mL) was slowly added ethyl chloroformate (57 μL, 0.6 
mmol) under N2 at 0oC. The reaction mixture was stirred at room temperature for 1 h 
and then quenched with H2O (5 mL). The aqueous phase was separated and extracted 
with CH2Cl2 (2x5 mL). The combined organic layer was dried over Na2SO4 and 
concentrated. The residue was directly subjected to column chromatographic 
separation on silica gel using hexane/ethyl acetate (20:1 to 10: 1) as an eluent to 
afford intermediate 3-12-1 as a white solid (123 mg, 72% yield). 
1H NMR (500 MHz, CDCl3) δ 0.87 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 7.0 Hz, 3H), 1.20 
(t, J = 7.0 Hz, 3H), 1.93-1.97 (m, 1H), 2.17-2.30 (m, 2H), 3.65-3.66 (m, 1H), 4.05 (q, 
J = 7.5 Hz, 2H), 4.53 (d, J = 8.9 Hz, 1H), 7.32-7.34 (m, 6H), 7.41-7.46 (m, 4H); 13C 
NMR (125 MHz, CDCl3) δ 14.55, 17.32, 18.96, 29.65, 32.42 (d, J = 7.3 Hz), 53.99 (d, 
J = 12.8 Hz), 60.56, 128.41 (d, J = 1.8 Hz), 128.46 (d, J = 1.8 Hz), 128.57, 128.66, 
132.70 (d, J = 19.1 Hz), 132.95, 138.49 (d, J = 11.9 Hz), 156.06; 31P NMR (121 MHz, 




To a solution of intermediate 3-12-1 (100 mg, 0.29 mmol) in THF (5 mL) was 
slowly added LiAlH4 (44 mg, 1.14 mmol) at 0oC under Ar. The reaction mixture was 
heated at reflux with stirring for 18 hrs. Then it was cooled to 0 oC and quenched with 
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H2O (0.5 mL) and 1N NaOH (0.5 mL). After filtration through celite, the filtrate was 
dried over Na2SO4 and concentrated to afford the crude aminophosphine (70 mg).  
To a solution of the crude aminophosphine in MeCN (3 mL) was added 4-phenyl 
isothiocyanate (45 mg, 0.3 mmol) under Ar. Then it was stirred at room temperature 
for 1 h, solvent was removed and the residue was directly subjected to column 
chromatographic separation on silica gel using hexane/ethyl acetate (20:1 to 10: 1) as 
an eluent to afford catalyst 3-12 as a white solid (95 mg, 72% yield for two steps). 
1H NMR (500 MHz, CDCl3) δ 0.96 (d, J = 6.9 Hz, 3H), 1.09 (d, J = 7.0 Hz, 3H), 1.94 
(br, 1H), 2.29-2.33 (m, 1H), 2.66-2.69 (m, 2H), 2.76 (s, 3H), 7.03-7.06 (m, 2H), 7.26 
(br, 2H), 7.36-7.38 (m, 7H), 7.52-7.55 (m, 4H); 13C NMR (125 MHz, (CD3)2CO) δ 
19.12, 19.71, 30.82 (d, J = 14.6 Hz), 32.91 (d, J = 7.3 Hz), 63.18 (d, J = 15.6 Hz), 
114.23 (d, J = 21.8 Hz), 123.27, 128.34 (d, J = 7.3 Hz), 128.55, 132.74, 132.94 (d, J = 
10.0 Hz), 133.14, 137.52, 137.55, 139.68, 159.91 (d, J = 240.5 Hz); 31P NMR (121 
MHz, (CD3)2CO) δ -21.93; HRMS (ESI) m/z calcd for C25H28FN2PS [M-H]+ = 
437.1622, found = 437.1638. 
Synthetic routes attempted to prepare bis-methylated thiourea-thiourea catalyst: 
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31P NMR ~ +30 ppm, indicating
a change at the phosphorus
center has occurred  















CO2t-Bu 3-5d (10 mol%)










To a flame-dried round bottle flask with a magnetic stirring bar were added 
catalyst 3-5d (2.9 mg, 0.005 mmol), 3Å molecular sieve (30 mg) and dicyanoalkene 
3-7c (15.8 mg, 0.05 mmol) under argon at room temperature, followed by the addition 
of anhydrous CHCl3 (0.5 mL). After the mixture was stirred for 2 minutes, the MBH 
carbonate 8c (25.1 mg, 0.075 mmol) was then added. The flask was sealed, and the 
reaction was stirred at room temperature for 18 hrs. CHCl3 was then removed under 
the reduced pressure, and the residue was purified by column chromatography on 
silica gel using hexane/ethyl acetate (25:1 to 15:1) as an eluent to afford 3-9a as a 
white solid (24.7 mg, 93% yield). 
3.4.4 Analytical Data of the [3+2] Annulation Products 
(1S,5S)-tert-Butyl-2,2-dicyano-1'-(4-methoxybenzyl)-2'-oxo-5-phenylspiro[cyclopent[
3]ene-1,3'-indoline]-4-carboxylate 3-9a 
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A white solid; [α]25D = -164.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.32 (s, 
9H), 3.74 (s, 3H), 4.33 (d, J = 15.1 Hz, 1H), 4.79 (d, J = 2.5 Hz, 1H), 4.80 (d, J = 15.8 
Hz, 1H), 6.43 (d, J = 8.2 Hz, 2H), 6.53 (d, J = 7.6 Hz, 1H), 6.61-6.63 (m, 2H), 
6.85-6.86 (m, 3H), 7.15 (t, J = 7.6 Hz, 2H), 7.22-7.28 (m, 3H), 7.90 (d, J = 7.6 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ 27.65, 43.26, 45.69, 55.18, 58.32, 65.35, 80.01, 
110.08, 111.78, 112.03, 114.06, 122.42, 123.46, 125.08, 126.21, 127.92, 128.11, 
128.20, 128.75, 130.98, 131.33, 133.44, 143.48, 145.79, 158.85, 161.18, 171.07; 
HRMS (ESI) m/z calcd for C33H29N3O4 [M+Na]+ = 554.2050, found = 554.2058; The 
ee value was 96%, tR (minor) = 21.6 min, tR (major) = 23.6 min (Chiralcel AD-H, λ = 




A white solid; [α]25D = -192.6 (c 1.1, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.35 (s, 
9H), 3.75 (s, 3H), 4.34 (d, J = 15.8 Hz, 1H), 4.77 (d, J = 2.5 Hz, 1H), 4.82 (d, J = 15.8 
Hz, 1H), 6.51 (d, J = 8.2 Hz, 2H), 6.61 (d, J = 8.4 Hz, 1H), 6.67 (d, J = 8.8 Hz, 2H), 
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6.81-6.83 (m, 4H), 6.85 (d, J = 3.2 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H), 7.30-7.34 (m, 
1H), 7.89 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.71, 43.30, 45.56, 
55.15, 57.51, 65.22, 83.20, 110.06, 111.64, 111.94, 114.01, 114.41, 115.18 (d, J = 21.9 
Hz), 122.20, 123.58, 125.09, 126.12, 128.00, 129.28 (d, J = 2.8 Hz), 130.42 (d, J = 
8.2 Hz), 131.37 (d, J = 57.5 Hz), 143.50, 145.33, 159.03, 161.05, 162.66 (d, J = 246.0 
Hz), 171.01; HRMS (ESI) m/z calcd for C33H28FN3O4 [M+Na]+ = 572.1956, found = 
572.1954; The ee value was 94%, tR (minor) = 14.4 min, tR (major) = 21.7 min 










A white solid; [α]25D = -198.4 (c 0.95, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.37 (s, 
9H), 3.76 (s, 3H), 4.30 (d, J = 15.8 Hz, 1H), 4.77 (d, J = 3.2 Hz, 1H), 4.91 (d, J = 15.8 
Hz, 1H), 6.44 (d, J = 8.2 Hz, 2H), 6.59 (d, J = 8.2 Hz, 1H), 6.72 (d, J = 8.8 Hz, 2H), 
6.79 (d, J = 7.6 Hz, 2H), 6.86 (d, J = 3.2 Hz, 1H), 7.14 (d, J = 8.2 Hz, 2H), 7.23 (d, J 
= 7.6 Hz, 1H), 7.29-7.33 (m, 1H), 7.89 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.73, 43.38, 45.73, 55.26, 57.46, 65.14, 83.33, 110.22, 111.55, 111.82, 
114.18, 121.98, 122.47, 123.63, 125.07, 125.90, 127.79, 130.47, 131.23, 131.41, 
131.81, 132.62, 143.45, 145.10, 159.02, 160.97, 170.93; HRMS (ESI) m/z calcd for 
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C33H28ClN3O4 [M+Na]+ = 588.1661, found = 588.1658; The ee value was 94%, tR 
(minor) = 13.1 min, tR (major) = 19.3 min (Chiralcel AD-H, λ = 254 nm, 15% 




A white solid; [α]25D = -232.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.37 (s, 
9H), 3.77 (s, 3H), 4.29 (d, J = 15.8 Hz, 1H), 4.76 (d, J = 3.2 Hz, 1H), 4.94 (d, J = 15.8 
Hz, 1H), 6.42 (d, J = 13.8 Hz, 2H), 6.58 (d, J = 8.2 Hz, 1H), 6.74 (d, J = 8.2 Hz, 4H), 
6.56 (d, J = 2.6 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 7.29-7.32 (m, 3H), 7.88 (d, J = 7.0 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.73, 43.38, 45.69, 55.19, 57.46, 65.20, 
83.30, 110.17, 111.57, 111.84, 114.10, 122.04, 123.62, 125.08, 125.96, 127.84, 128.46, 
130.15, 131.21, 131.79, 132.10, 134.29, 143.48, 145.16, 159.03, 160.98, 170.95; 
HRMS (ESI) m/z calcd for C33H2879BrN3O4 [M+Na]+ = 632.1155, found = 632.1161; 
C33H2881BrN3O4 [M+Na]+ = 634.1150, found = 634.1155; The ee value was 94%, tR 
(minor) = 12.1 min, tR (major) = 18.2 min (Chiralcel AD-H, λ = 254 nm, 15% 
iPrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5S)-tert-Butyl-2,2-dicyano-1'-(4-methoxybenzyl)-2'-oxo-5-(4-(trifluoromethyl)ph
enyl)spiro[cyclopent[3]ene-1,3'-indoline]-4-carboxylate 3-9e 
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A white solid; [α]25D = -188.0 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.35 (s, 
9H), 3.72 (s, 3H), 4.33 (d, J = 15.8 Hz, 1H), 4.84 (d, J = 15.8 Hz, 1H), 4.85 (d, J = 2.5 
Hz, 1H), 6.47 (d, J = 8.2 Hz, 2H), 6.59 (d, J = 7.6 Hz, 1H), 6.64 (d, J = 1.9 Hz, 2H), 
6.90 (d, J = 3.2 Hz, 1H), 7.01 (d, J = 7.6 Hz, 2H), 7.24-7.28 (m, 1H), 7.32 (td, J = 1.3 
Hz, 8.9 Hz, 1H), 7.44 (d, J = 8.2, 2H), 7.91 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.69, 43.45, 45.94, 55.07, 57.59, 65.21, 83.45, 110.34, 111.47, 111.72, 
114.06, 121.88, 122.82, 123.73, 124.98, 125.07, 125.87, 127.81, 129.32, 130.55 (q, J 
= 44.4 Hz), 131.35, 132.14, 137.70, 143.41, 144.95, 159.10, 160.85, 170.85; HRMS 
(ESI) m/z calcd for C34H28F3N3O4 [M+Na]+ = 622.1924, found = 622.1922; The ee 
value was 93%, tR (minor) = 9.2 min, tR (major) = 13.3 min (Chiralcel AD-H, λ = 254 










A white solid; [α]25D = -215.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.36 (s, 
9H), 3.78 (s, 3H), 4.35 (d, J = 15.8 Hz, 1H), 4.77 (d, J = 15.8 Hz, 1H), 4.81 (d, J = 2.6 
Chapter 3 Asymmetric Synthesis of 3-Spirocyclopentene-2-oxindoles 
- 148 - 
 
Hz, 1H), 6.53 (d, J = 8.8 Hz, 2H), 6.66 (d, J = 8.2 Hz, 1H), 6.70-6.71 (m, 2H), 6.91 (d, 
J = 2.5 Hz, 1H), 6.94 (d, J = 7.6 Hz, 2H), 7.25-7.28 (m, 1H), 7.34-7.37 (m, 1H), 7.42 
(d, J = 8.9 Hz, 2H), 7.90 (d, J = 6.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.73, 
43.46, 45.76, 55.28, 57.84, 65.04, 83.65, 110.22, 111.33, 111.58, 112.26, 114.09, 
118.24, 121.72, 123.85, 125.12, 125.88, 128.09, 129.51, 131.50, 131.79, 132.61, 
138.85, 143.41, 144.36, 159.26, 160.70, 170.69; HRMS (ESI) m/z calcd for 
C34H28N4O4 [M+Na]+ = 579.2003, found = 579.2003; The ee value was 93%, tR 
(minor) = 53.2 min, tR (major) = 46.5 min (Chiralcel AD-H, λ = 254 nm, 7.5% 




A white solid; [α]25D = -246.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.35 (s, 
9H), 2.31 (s, 3H), 3.74 (s, 3H), 4.31 (d, J = 15.8 Hz, 1H), 4.77 (d, J = 2.5 Hz, 1H), 
4.86 (d, J = 15.8 Hz, 1H), 6.45 (d, J = 8.9 Hz, 2H), 6.53 (d, J = 8.2 Hz, 1H), 6.62 (d, J 
= 8.2, 2H), 6.74 (d, J = 8.3 Hz, 2H), 6.82 (d, J = 2.6 Hz, 1H), 6.95 (d, J = 7.6 Hz, 2H), 
7.21-7.29 (m, 2H), 7.89 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 21.24, 
27.71, 43.26, 45.66, 55.12, 57.97, 65.32, 82.95, 110.05, 111.81, 112.08, 113.93, 
122.53, 123.41, 125.07, 126.23, 127.96, 128.63, 128.89, 130.34, 130.90, 131.08, 
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137.76, 143.50, 145.91, 158.84, 161.26, 171.14; HRMS (ESI) m/z calcd for 
C34H31N3O4 [M+]+ = 568.2207, found = 568.2218; The ee value was 94%, tR (minor) 
= 11.2 min, tR (major) = 14.9 min (Chiralcel AD-H, λ = 254 nm, 15% i-PrOH/hexanes, 










A white solid; [α]25D = -212.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.36 (s, 
9H), 3.76 (s, 3H), 4.37 (d, J = 15.8 Hz, 1H), 4.75 (d, J = 2.6 Hz, 1H), 4.81 (d, J = 15.8 
Hz, 1H), 6.57 (d, J = 8.8 Hz, 2H), 6.63 (d, J = 7.6 Hz, 1H), 6.66-6.69 (m, 2H), 6.71 (d, 
J = 7.6 Hz, 1H), 6.83 (s, 1H), 6.86 (d, J = 3.2 Hz, 1H), 7.03-7.06 (m, 1H), 7.20-7.26 
(m, 2H), 7.31-7.34 (m, 1H), 7.88 (d, J = 7.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.69, 43.38, 45.72, 55.20, 57.76, 65.01, 83.35, 110.15, 111.56, 111.81, 114.11, 
122.14, 123.67, 125.05, 126.23, 126.87, 128.08, 128.37, 128.78, 129.37, 131.25, 
131.86, 134.05, 135.43, 143.42, 145.09, 158.99, 160.94, 170.82; HRMS (ESI) m/z 
calcd for C33H28ClN3O4 [M+Na]+ = 588.1661, found = 588.1666; The ee value was 
95%, tR (minor) = 19.6 min, tR (major) = 16.6 min (Chiralcel AD-H, λ = 254 nm, 15% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5S)-tert-Butyl-5-(3-bromophenyl)-2,2-dicyano-1'-(4-methoxybenzyl)-2'-oxospiro[
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A white solid; [α]25D = -223.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.36 (s, 
9H), 3.76 (s, 3H), 4.35 (d, J = 15.8 Hz, 1H), 4.73 (d, J = 3.2 Hz, 1H), 4.82 (d, J = 15.8 
Hz, 1H), 6.56 (d, J = 8.8 Hz, 2H), 6.63 (d, J = 7.6 Hz, 1H), 6.69 (d, J = 8.8 Hz, 2H), 
6.74 (d, J = 7.6 Hz, 1H), 6.87 (d, J = 2.5 Hz, 1H), 6.98 (d, J = 7.6 Hz, 2H), 7.25 (t, J = 
7.6 Hz, 1H), 7.32-7.37 (m, 2H), 7.87 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) 
δ 27.69, 43.38, 45.69, 55.19, 57.69, 65.02, 83.37, 110.14, 111.54, 111.80, 114.39, 
122.14, 123.66, 125.04, 126.22, 127.28, 128.06, 129.64, 131.24, 131.28, 131.66, 
131.87, 135.68, 143.42, 145.05, 158.97, 160.91, 170.81; HRMS (ESI) m/z calcd for 
C33H2879BrN3O4 [M+Na]+ = 632.1155, found = 632.1161; C33H2881BrN3O4 [M+Na]+ = 
634.1150, found = 634.1155; The ee value was 94%, tR (minor) = 19.3 min, tR (major) 
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A white solid; [α]25D = -189.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.34 (s, 
9H), 2.15 (s, 3H), 3.74 (s, 3H), 4.30 (d, J = 15.8 Hz, 1H), 4.76 (d, J = 2.6 Hz, 1H), 
4.84 (d, J = 15.8 Hz, 1H), 6.42 (d, J = 8.8 Hz, 2H), 6.54 (d, J = 7.6 Hz, 1H), 6.59-6.63 
(m, 3H), 6.67 (s, 1H), 6.82 (d, J = 2.5 Hz, 1H), 7.21-7.24 (m, 2H), 7.27-7.30 (m, 2H), 
7.89 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 21.21, 27.67, 43.29, 45.70, 
55.18, 58.32, 65.30, 82.95, 109.98, 111.83, 112.07, 114.03, 122.60, 123.42, 125.09, 
125.79, 126.35, 127.88, 128.08, 128.85, 129.35, 130.92, 131.10, 133.29, 137.78, 
143.56, 145.92, 158.87, 161.29, 171.09; HRMS (ESI) m/z calcd for C34H31N3O4 
[M+]+ = 568.2207, found = 568.2213; The ee value was 95%, tR (minor) = 15.6 min, 










A white solid; [α]25D = -157.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.36 (s, 
9H), 3.76 (s, 3H), 4.41 (d, J = 15.1 Hz, 1H), 4.66 (d, J = 15.1 Hz, 1H), 4.76 (d, J = 2.6 
Hz, 1H), 6.63-6.64 (m, 2H), 6.68-6.71 (m, 3H), 6.91 (d, J = 2.5 Hz, 1H), 7.03 (s, 1H), 
7.10 (d, J = 7.6 Hz, 1H), 7.22 (t, J = 7.6 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 7.36-7.39 
(m, 1H), 7.47 (d, J = 7.6 Hz, 1H), 7.89 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
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CDCl3) δ 27.72, 43.43, 45.73, 55.23, 57.59, 64.76, 83.65, 110.19, 111.35, 111.61, 
112.30, 114.16, 117.98, 121.82, 123.94, 125.10, 126.14, 128.33, 128.92, 131.58, 
131.83, 131.93, 132.58, 133.08, 135.06, 143.29, 144.38, 159.14, 160.70, 170.66; 
HRMS (ESI) m/z calcd for C34H28N4O4 [M+Na]+ = 579.2003, found = 579.2012; The 
ee value was 92%, tR (minor) = 37.1 min, tR (major) = 28.3 min (Chiralcel AD-H, λ = 




A white solid; [α]25D = -192.0 (c 0.80, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.32 (s, 
9H), 3.74 (s, 3H), 4.41 (d, J = 15.6 Hz, 1H), 4.85 (d, J = 2.5 Hz, 1H), 5.19 (br, 1H), 
6.57-6.60 (m, 3H), 6.63-6.65 (m, 2H), 6.87-6.88 (m, 2H), 7.03 (m, 1H), 7.19-7.30 (m, 
4H), 7.86 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.66, 43.40, 46.07, 
55.22, 55.27, 64.68, 83.11, 109.91, 111.65, 111.81, 114.12, 121.13 (d, J = 12.9 Hz), 
122.50, 122.63, 123.50, 123.97, 125.60, 126.40, 128.09, 129.82 (d, J = 8.2 Hz), 
131.00, 143.09, 145.45, 158.97, 160.71 (d, J = 248.7 Hz), 170.99; HRMS (ESI) m/z 
calcd for C33H28FN3O4 [M+Na]+ = 572.1956, found = 572.1954; The ee value was 
87%, tR (minor) = 16.0 min, tR (major) = 19.3 min (Chiralcel IA-H, λ = 254 nm, 15% 
iPrOH/hexanes, flow rate = 1.0 mL/min).  
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(1S,5S)-tert-Butyl-5-(3,5-bis(trifluoromethyl)phenyl)-2,2-dicyano-1'-(4-methoxybenz










A white solid; [α]25D = -139.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.39 (s, 
9H), 3.74 (s, 3H), 4.39 (d, J = 15.8 Hz, 1H), 4.58 (d, J = 15.8 Hz, 1H), 4.86 (d, J = 3.2 
Hz, 1H), 6.65 (s, 4H), 6.74 (d, J = 8.2 Hz, 1H), 6.95 (d, J = 2.5 Hz, 1H), 7.17 (s, 2H), 
7.31 (t, J = 7.6 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 7.66 (s, 1H), 7.92 (d, J = 7.6 Hz, 1H); 
13C NMR (125 MHz, CDCl3) δ 27.65, 43.49, 45.62, 55.11, 57.57, 64.66, 83.97, 
110.20, 111.22, 111.48, 114.12, 121.52, 121.67, 121.93, 124.09, 125.20, 126.10, 
128.34, 128.73, 131.12 (q, J = 33.8 Hz), 131.69, 133.13, 136.02, 143.39, 143.79, 
159.14, 160.64, 170.57; HRMS (ESI) m/z calcd for C35H27F6N3O4 [M+Na]+ = 
690.1798, found = 690.1769; The ee value was 91%, tR (minor) = 9.8 min, tR (major) 
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A white solid; [α]25D = -248.0 (c 1.15, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.31 (s, 
9H), 3.54 (s, 3H), 4.15 (d, J = 15.8 Hz, 1H), 4.90 (d, J = 15.8 Hz, 1H), 5.00 (d, J = 3.2 
Hz, 1H), 5.94 (d, J = 8.8 Hz, 2H), 6.02 (d, J = 8.6 Hz, 2H), 6.46-6.48 (m, 1H), 6.91 (d, 
J = 2.5 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 7.28 (dd, J = 2.5 Hz, 5.1 Hz, 3H), 7.43 (t, J 
= 6.95 Hz, 1H), 7.49 (t, J = 6.95 Hz, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 8.4 Hz, 
1H), 7.81 (d, J = 8.2 Hz, 1H), 7.97-7.99 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.66, 43.20, 45.82, 55.01, 58.30, 65.38, 83.09, 110.14, 111.80, 112.00, 113.57, 
122.40, 123.52, 125.15, 125.71, 126.22, 126.50, 127.41, 127.65, 127.92, 127.95, 
128.18, 129.03, 131.07, 131.11, 131.45, 132.95, 133.05, 143.52, 145.79, 158.60, 
161.26, 171.09; HRMS (ESI) m/z calcd for C37H31N3O4 [M+Na]+ = 604.2207, found = 
604.2195; The ee value was 94%, tR (minor) = 15.9 min, tR (major) = 23.8 min 




A white solid; [α]25D = -205.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.42 (s, 
9H), 3.76 (s, 3H), 4.55 (d, J = 15.8 Hz, 1H), 4.71 (d, J = 3.2 Hz, 1H), 4.81 (d, J = 15.8 
Hz, 1H), 6.09 (s, 1H), 6.65 (d, J = 8.2 Hz, 1H), 6.75-6.76 (m, 2H), 6.78-6.81 (m, 3H), 
6.94 (s, 1H), 7.19-7.22 (m, 2H), 7.29-7.32 (m, 1H), 7.79 (d, J = 7.6 Hz, 1H); 13C 
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NMR (125 MHz, CDCl3) δ 27.80, 43.43, 45.23, 49.45, 55.25, 64.73, 83.17, 110.11, 
110.89, 111.56, 111.99, 114.11, 118.01, 122.33, 123.54, 124.89, 126.42, 128.23, 
130.98, 131.05, 140.82, 142.78, 143.65, 145.08, 159.13, 160.96, 171.54; HRMS (ESI) 
m/z calcd for C31H27N3O5 [M+Na]+ = 544.1843, found = 544.1847; The ee value was 
87%, tR (minor) = 22.7 min, tR (major) = 29.5 min (Chiralcel AD-H, λ = 254 nm, 15% 












A white solid; [α]25D = -104.8 (c 0.75, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.37 (s, 
9H), 2.75 (s, 3H),  3.75 (d, J = 15.2 Hz, 1H), 4.47 (d, J = 15.8 Hz, 1H), 4.84 (d, J = 
15.8 Hz, 1H), 5.02 (d, J = 2.5 Hz, 1H), 6.61 (d, J = 8.0 Hz, 1H), 6.66-6.71 (m, 4H), 
6.76 (d, J = 3.2 Hz, 1H), 6.82 (d, J = 2.5 Hz, 1H), 6.87 (dd, J = 3.2 Hz, 5.2 Hz, 1H), 
7.12 (dd, J = 1.3 Hz, 5.2 Hz, 1H), 7.22 (t, J = 7.6 Hz, 1H), 7.31 (td, J = 1.3 Hz, 7.6 Hz, 
1H), 7.82 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.72, 29.68, 43.41, 
45.32, 53.44, 55.22, 65.09, 83.22, 110.14, 111.51, 111.88, 114.11, 122.29, 123.57, 
124.95, 125.33, 126.30, 126.95, 127.76, 128.18, 130.90, 131.12, 134.72, 143.63, 
145.31, 158.96, 160.84, 171.12; HRMS (ESI) m/z calcd for C31H27N3O4S [M+H]+ = 
538.1795, found = 538.1815; The ee value was 90%, tR (minor) = 21.4 min, tR (major) 
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A white solid; [α]25D = -146.7 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.44 (s, 
9H), 3.78 (s, 3H), 4.71 (d, J = 15.1 Hz, 1H), 5.09 (d, J = 2.5 Hz, 1H), 5.10 (d, J = 15.2 
Hz, 1H), 6.39 (dd, J = 9.5 Hz, 15.8 Hz, 1H), 6.48 (d, J = 2.6 Hz, 1H), 6.86-6.90 (m, 
4H), 7.17-7.20 (m, 1H), 7.31-7.38 (m, 6H), 7.49 (d, J = 7.6 Hz, 2H), 7.68 (d, J = 7.6 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 28.01, 44.37, 51.04, 55.28, 56.29, 63.61, 
82.74, 110.30, 112.02, 112.92, 114.41, 122.55, 123.47, 123.81, 126.37, 126.77, 127.01, 
128.54, 128.70, 129.02, 131.24, 135.76, 137.39, 139.35, 142.59, 143.37, 159.47, 
161.29, 171.27; HRMS (ESI) m/z calcd for C35H31N3O4 [M+Na]+ = 580.2207, found = 
580.2202; The ee value was 75%, tR (minor) = 18.4 min, tR (major) = 16.3 min 
(Chiralcel IC-H, λ = 254 nm, 15% i-PrOH/hexanes, flow rate = 0.7 mL/min). 
(1S,5S)-tert-Butyl-2,2-dicyano-1'-(4-methoxybenzyl)-2'-oxo-5-phenethylspiro[cyclop
ent[3]ene-1,3'-indoline]-4-carboxylate 3-9r 
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A white solid; [α]25D = -56.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.55 (s, 
9H), 1.84-1.92 (m, 1H), 2.15 (t, J = 8.9 Hz, 2H), 2.43-2.50 (m, 1H), 3.54-3.57 (m, 
1H), 3.74 (s, 3H), 4.90 (d, J = 15.2 Hz, 1H), 4.95 (d, J = 15.2 Hz, 1H), 6.59 (d, J = 2.5 
Hz, 1H), 6.74 (dd, J = 1.3 Hz, 7.0 Hz, 2H), 6.80 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.2 
Hz, 1H), 7.10-7.14 (m, 4H), 7.32-7.38 (m, 3H), 7.42 (d, J = 7.6 Hz, 1H); 13C NMR 
(125 MHz, CDCl3) δ28.06, 29.36, 33.55, 43.99, 46.39, 51.12, 55.21, 62.95, 83.18, 
109.98, 111.63, 112.05, 114.30, 123.70, 124.49, 125.13, 125.99, 126.81, 128.16, 
128.24, 129.27, 129.62, 130.83, 140.27, 142.86, 147.33, 159.36, 161.43, 171.84; 
HRMS (ESI) m/z calcd for C35H33N3O4 [M+Na]+ = 582.2363, found = 582.2372; The 
ee value was 65%, tR (minor) = 13.7 min, tR (major) = 24.4 min (Chiralcel IC-H, λ = 
254 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 










A white solid; [α]25D = -43.7 (c 0.70, CHCl3); 1H NMR (500 MHz, CDCl3) δ 0.79 (t, J 
= 7.6 Hz, 3H), 1.53 (s, 9H), 3.78 (s, 3H), 3.84-3.90 (m, 2H), 4.37 (d, J = 1.9 Hz, 1H), 
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4.91 (d, J = 15.1 Hz, 1H), 4.95 (d, J = 15.2 Hz, 1H), 6.75 (d, J = 1.9 Hz, 1H), 
6.85-6.88 (m, 3H), 7.07 (dd, J = 7.6 Hz, 8.8 Hz, 1H), 7.30-7.34 (m, 3H), 7.40 (d, J = 
7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.44, 27.91, 29.68, 44.22, 55.28, 57.06, 
59.56, 61.80, 83.66, 110.25, 110.82, 110.92, 114.33, 122.25, 123.28, 125.91, 126.55, 
129.03, 131.40, 131.76, 143.02, 144.33, 159.46, 160.53, 166.90, 172.22; HRMS (ESI) 
m/z calcd for C30H29N3O6 [M+Na]+ = 550.1949, found = 550.1955; The ee value was 
96%, tR (minor) = 10.6 min, tR (major) = 27.1 min (Chiralcel IC-H, λ = 254 nm, 10% 




A white solid; [α]25D = -267.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.32 (s, 
9H), 2.42 (s, 3H),  3.73 (s, 3H), 4.30 (d, J = 15.2 Hz, 1H), 4.78 (d, J = 2.5 Hz, 1H), 
4.79 (d, J = 16.4 Hz, 1H), 6.43 (d, J = 4.4 Hz, 1H), 6.42 (d, J = 5.7 Hz, 2H), 6.61 (d, J 
= 8.8 Hz, 2H), 6.84-6.87 (m, 3H), 7.07 (d, J = 7.6 Hz, 1H), 7.15 (t, J = 7.6 Hz, 2H), 
7.25-7.28 (m, 1H), 7.71 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 21.27, 27.66, 43.24, 
45.75, 55.18, 58.30, 65.34, 82.95, 109.81, 111.86, 112.08, 114.03, 122.46, 125.67, 
126.37, 127.92, 128.06, 128.17, 128.78, 131.34, 131.41, 133.15, 133.58, 141.08, 
145.78, 158.81, 161.22, 171.01; HRMS (ESI) m/z calcd for C34H31N3O4 [M+Na]+ = 
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568.2207, found = 568.2196; The ee value was 99%, tR (minor) = 16.4 min, tR (major) 











A white solid; [α]25D = -246.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.31 (s, 
9H), 2.05 (s, 3H), 2.40 (s, 3H), 3.73 (s, 3H), 4.57 (d, J = 17.0 Hz, 1H), 4.79 (d, J = 2.5 
Hz, 1H), 5.04 (d, J = 16.4 Hz, 1H), 6.19 (d, J = 8.9 Hz, 2H), 6.59 (d, J = 8.9 Hz, 1H), 
6.81 (d, J = 2.6 Hz, 1H), 6.90 (d, J = 3.2 Hz, 3H), 7.17 (t, J = 7.6 Hz, 2H), 7.28 (d, J = 
7.6 Hz, 1H), 7.59 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 18.45, 20.94, 27.65, 44.53, 
46.37, 55.18, 58.26, 64.98, 82.90, 111.89, 112.19, 114.13, 120.29, 123.15, 123.63, 
126.28, 128.10, 128.22, 128.37, 129.00, 131.25, 133.05, 133.76, 135.58, 139.23, 
145.86, 158.40, 161.26, 172.07; HRMS (ESI) m/z calcd for C35H33N3O4 [M+Na]+ = 
582.2363, found = 582.2377; The ee value was 96%, tR (minor) = 27.8 min, tR (major) 
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A white solid; [α]25D = -197.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.31 (s, 
9H), 3.74 (s, 3H), 4.78 (d, J = 2.5 Hz, 1H), 4.92 (d, J = 15.8 Hz, 1H), 5.04 (d, J = 15.8 
Hz, 1H), 6.35 (d, J = 8.2 Hz, 2H), 6.60 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 3.2 Hz, 1H), 
6.86 (d, J = 7.6 Hz, 2H), 7.14-7.21 (m, 2H), 7.27-7.32 (m, 2H), 7.84 (d, J = 7.6 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ 27.64, 44.56, 46.12, 55.16, 58.44, 65.84, 80.17, 
111.58, 111.75, 113.86, 116.13, 123.82, 124.25, 125.37, 127.03, 128.17, 128.39, 
128.43, 128.78, 130.98, 133.04, 133.75, 139.77, 145.79, 158.41, 161.02, 171.66; 
HRMS (ESI) m/z calcd for C33H28ClN3O4 [M+Na]+ = 588.1661, found = 588.1654; 
The ee value was 91%, tR (minor) = 11.7 min, tR (major) = 21.6 min (Chiralcel IA-H, 




A white solid; [α]25D = -131.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.32 (s, 
9H), 3.74 (s, 3H), 4.56 (d, J = 15.1 Hz, 1H), 4.77 (d, J = 3.1 Hz, 1H), 4.80 (d, J = 15.2 
Hz, 1H), 6.36 (d, J = 8.8 Hz, 2H), 6.62-6.63 (m, 2H), 6.83-6.84 (m, 3H), 7.13-7.16 (m, 
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3H), 7.20-7.26 (m, 2H), 7.70 (d, J = 2.7 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.65, 44.81 (d, J = 4.6 Hz), 45.88, 55.15, 58.55, 65.28, 83.14, 111.58, 111.75, 113.83, 
114.14, 119.28 (d, J = 19.1 Hz), 121.07 (d, J = 3.6 Hz), 124.23 (d, J = 6.4 Hz), 125.42, 
127.65, 128.16, 128.28, 128.34, 128.65, 129.29, 129.42, 131.09, 133.03, 145.71, 
159.92 (d, J = 283.2 Hz), 170.78; HRMS (ESI) m/z calcd for C33H28FN3O4 [M+Na]+ = 
572.1956, found = 572.1965; The ee value was 94%, tR (minor) = 45.0 min, tR (major) 
= 38.8 min (Chiralcel AD-H, λ = 254 nm, 7.5% i-PrOH/hexanes, flow rate = 1.0 
mL/min). 
3.4.5 X-Ray Crystallographic Analysis and Determination of Configurations of 






















3-9d 3-9d'  
To a solution of ester 3-9d (73.2 mg, 0.12 mmol) in anhydrous CH2Cl2 was added 
TFA (92 μL, 1.2 mmol) at room temperature. The reaction mixture was stirred at room 
temperature for 12 h, and then solvent was removed under reduced pressure. The 
residue was purified by flash column chromatography to afford the acid in 
quantitative yield. The acid was then dissolved in anhydrous CH3CN, the resulting 
solution was then cooled down to 0 oC, and HOBt (16.2 mg, 0.12 mmol) and 
4-chloroaniline (17.8 mg, 0.14 mmol) were added. The mixture was stirred at 0 oC for 
10 min, EDC·HCl (23.3 mg, 0.12 mmol) was then introduced. The reaction mixture 
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was allowed to warm up slowly to room temperature and stirred for 12 h, and 
subsequently at 60 oC for another 2 h. The solvent was removed in vacuo, and the 
residue was extracted with CH2Cl2 (3 x 3 mL) and washed successively with H2O and 
brine. Purification by column chromatography (hexane: ethyl acetate = 5:1 to 2:1) 
afforded the amide 3-9d’ (52 mg, 65% yield) as a white solid. 
[α]25D = -171.6 (c 0.80, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.77 (s, 3H), 4.33 (d, J 
= 15.8 Hz, 1H), 4.96 (d, J = 15.8 Hz, 1H), 5.05 (d, J = 2.6 Hz, 1H), 6.38 (d, J = 8.6 
Hz, 2H), 6.61 (d, J = 7.7 Hz, 1H), 6.67 (d, J = 2.6 Hz, 1H), 6.73-6.79 (m, 4H), 
7.26-7.36 (m, 6H), 7.47 (d, J = 8.7 Hz, 2H), 7.94 (d, J = 7.4 Hz, 1H), 8.67 (s, 1H); 13C 
NMR (125 MHz, CDCl3) δ 43.57, 45.93, 55.32, 57.43, 65.09, 110.58, 111.16, 114.36, 
121.30, 121.69, 123.09, 124.14, 125.27, 125.48, 126.68, 127.59, 127.70, 129.23, 
130.19, 130.44, 131.47, 131.52, 132.02, 135.52, 143.16, 148.16, 159.20, 160.46, 
171.68; HRMS (ESI) m/z calcd for C35H2479BrClN4O3 [M-H]- = 661.0648, found = 
661.0665; C35H2481BrClN4O3 [M-H]- = 663.0627, found = 663.0647. 
The absolute configuration of the product 3-9d’ (1S, 5R) was assigned by X-ray 
crystallographic analysis of a single crystal of 3-9d’ (Figure S1), and the 
configuration of the [3+2] annulation product 3-9d (1S, 5S) was deduced. The 
configurations of other [3+2] cycloaddition products were assigned by analogy. 
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Figure 3.4 X-ray structure of 3-9d’ 
 
Table 3.3  Crystal Data and Structure Refinement for A628. 
Identification code  a628 
Empirical formula  C35.50 H25 Br Cl2 N4 O3 
Formula weight  706.41 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 16.6920(15) Å = 90°. 
 b = 17.9543(15) Å = 90°. 
 c = 21.2092(18) Å = 90°. 
Volume 6356.3(9) Å3 
Z 8 
Density (calculated) 1.476 Mg/m3 
Absorption coefficient 1.505 mm-1 
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F(000) 2872 
Crystal size 0.24 x 0.14 x 0.10 mm3 
Theta range for data collection 1.49 to 25.00°. 
Index ranges -19<=h<=19, -21<=k<=13, -25<=l<=25 
Reflections collected 36678 
Independent reflections 11177 [R(int) = 0.1110] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8641 and 0.7140 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11177 / 540 / 780 
Goodness-of-fit on F2 1.155 
Final R indices [I>2sigma(I)] R1 = 0.1325, wR2 = 0.3105 
R indices (all data) R1 = 0.1843, wR2 = 0.3518 
Absolute structure parameter 0.05(2) 
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Chapter 4 Asymmetric Construction of 
Functionalized Bicyclic Imides via [3+2] 
Annulation of MBH Carbonates Catalyzed 












A highly enantioselective [3+2] annulation of MBH carbonates and 
maleimides catalyzed by dipeptide-based chiral phosphines has been developed. 
With 5 mol% of L-threonine-L-valine-derived bifunctional phosphine 4-6 
under mild reaction conditions, biologically significant bicyclic imides were 
isolated in excellent yields and with high diastereoselectivities and perfect 
enantiopurities (≥98% ee for most cases). 
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4.1 Introduction 
The synthesis of enantiopure imide derivatives is of significant importance 
because of the wide occurrence of optically active imide moieties in natural products 
as well as biologically active compounds.1 For instance, imides are the key building 
blocks for thalidomide,2a ethosuximide,2b phensuximide,2c andrimid,2d etc. In this 
context, synthetic efforts towards facile construction of these structure motifs are of 
continuing interest through the past decades.3 However, apart from the asymmetric 
Diels-Alder reaction of maleimides,4 enantioselective preparation of bicyclic imide 
compounds has rarely been explored,5 despite the fact that such a privileged scaffold 
is ubiquitous in many natural compounds and pharmaceutical agents (Figure 4.1).6 
 
Figure 4.1 Selected bioactive bicyclic imide compounds 
                                                              
1 (a) Bush, J. A.; Long, B. H.; Catino, J. J.; Bradner, W. T.; Tomita, K. J. Antibiot. 1987, 40, 668. (b) Busby, D. J.; 
Copley, R. C. B.; Hueso, J. A.; Readshaw, S. A.; Rivera, A. J. Antibiot. 2000, 53, 670. (c) Sondhi, S. M.; Rani, R.; 
Roy, P.; Agrawal, S. K.; Saxena, A. K. Bioorg. Med. Chem. Lett. 2009, 19, 1534. (d) Stierle, A. A.; Stierle, D. B.; 
Patacini, B. J. Nat. Prod. 2008, 71, 856. (e) Ding, G.; Jiang, L.; Guo, L.; Chen, X.; Zhang, H.; Che, Y. J. Nat. Prod. 
2008, 71, 1861. (f) Pacher, T.; Raninger, A.; Lorbeer, E.; Brecker, L.; But, P. P.-H.; Greger, H. J. Nat. Prod. 2010, 
73, 1389. 
2 (a) Ando Y, Fuse E, Figg W. D. Clin Cancer Res 2002, 8, 1964. (b) Berkovic, S. T. In The Treatment of Epilepsy; 
Wyllie, E., Ed.; Lea & Febiger: Philadelphia, 1993, 547. (c) Crider, A. M.; Kolczynski, T. M.; Yates, K. M. J. Med. 
Chem. 1980, 23, 324. (d) Fredenhagen, A.; Tamura, S. Y.; Kenny, P. T. M.; Komura, H.; Naya, Y.; Nakanishi, K.; 
Nishiyama, K.; Sugiura, M.; Kita, H. J. Am. Chem. Soc. 1987, 109, 4409. 
3 (a) Sperry, J. Synthesis 2011, 3569. (b) Muthaiah, S.; Hong, S. H. Synlett. 2011, 1481; and references therein. 
4 For an elegant review, see: Corey, E. J. Angew. Chem. Int. Ed. 2002, 41, 1650. 
5 (a) Wu, L.-Y.; Bencivenni, G.; Mancinelli, M.; Mazzanti, A.; Bartoli, G.; Melchiorre P.; Angew. Chem. Int. Ed. 
2009, 48, 7196. (b) Sasaki, M.; Kondo, Y.; Kawahata, M.; Yamaguchi, K.; Takeda K.; Angew. Chem. Int. Ed. 2011, 
50, 6375. (c) Wang, Y.; Liu, L.; Zhang, T.; Zhong, N.-J.; Wang, D.; Chen, Y.-J. J. Org. Chem. 2012, 77, 4143. (d) 
Zhao, Q.; Han, X.; Wei, Y.; Shi, M.; Lu, Y. Chem. Commun. 2012, 48, 970. 
6 (a) Kwon, O.; Tamanoi, F.; Fiji, H.; Watanabe, M. PCT Int. Appl. WO 2010014054 A1 20100204, 2010. (b) 
Tamanoi, F.; Kwon, O.; Watanabe, M.; Fiji, H. PCT Int. Appl. WO 2007111948 A2 20071004, 2007. (c) Hansen, J. 
B.; Thomsen, M. S. PCT Int. Appl. WO 2012016569 A1 20120209, 2012. 
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The nucleophilic phosphine catalysis represents one of the most straightforward 
platforms for the efficient assembly of cyclic compounds, 7  and is particularly 
attractive for the formation of cyclopentene derivatives through [3+2] annulations.8 
Our group has actively got involved in this research area in the past few years.9 We 
have developed a series of highly versatile bifunctional phosphines derived from 
amino acids10 and demonstrated their remarkable catalytic efficiency in a number of 
enantioselective organic transformations for the asymmetric preparation of useful 
building blocks as well as biologically significant compounds.10 In particular, in 
Chapter 3 we documented the first highly intermolecular asymmetric [3+2] 
cyclization using MBH carbonates as C3 synthons catalyzed by L-threonine-derived 
phosphine thioureas.11 The ready availability and various substituent pattern of MBH 
carbonates has open the way for their use as versatile substrates in nucleophilic 
catalysis.12 Accordingly, we envisioned that a phosphine-catalyzed [3+2] annulation 
of MBH carbonates with maleimides would lead to bicyclic imides bearing three 
contiguous tertiary stereogenic centers (Scheme 4.1). The high catalytic efficiency of 
amino acid-based chiral phosphines might be suitable candidates providing rapid and 
stereoselective entry to these compounds. 
                                                             
7 See refs.8 in Chapter 1. 
8 See refs.8 in Chapter 3. 
9 Wang, S.-X.; Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Synlett 2011, 2766 
10 See refs. 89 & 90 in Chapter 1. 
11 Zhong, F.; Han, Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837. For other selected asymmetric examples, 
see: (a) Tan, B.; Candeias, N. R.; Barbas, C. F., III, J. Am. Chem. Soc. 2011, 133, 4672. (b) Deng, H.-P.; Wei, Y. 
and Shi, M. Adv. Synth. Catal. 2012, 354, 783. (c) Peng, J.; Huang, X.; Jiang, L.; Cui H.-L. and Chen, Y.-C. Org. 
Lett., 2011, 13, 4584. 
12 For a recent review, see: Liu, T.-Y.; Xie, M. and Chen, Y.-C. Chem. Soc. Rev. 2012, 41, 4101. 
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Scheme 4.1 Construction of bicyclic imides through phosphine-catalyzed [3+2] annulation. 
 
4.2 Results and Discussion 
4.2.1 Reaction Optimization 
To test the feasibility of our proposal, the [3+2] annulation between MBH 
carbonate 4-1a and N-phenyl maleimide 4-2a was selected as model reaction and 
different amino acid-based bifunctional phosphines were ready to utilize (Figure 4.2). 
The results were summarized in Table 4.1. As expected, different L-valine derived 
chiral phosphine 4-4a-d could promote the reaction in toluene at room temperature. It 
was found that the Brønsted acid moieties of bifunctional phosphines exerted a 
significant influence on the reaction process. An inhibitive effect was observed in the 
presence of sulfonamide, probably due to its strong acidity (entry 1). Employment of 
phosphine amide 4-4b or thiourea 4-4d resulted in poor diastereoselectivities while 
replacement with carbamate 4-4c indeed led to a single diastereisomer (entries 2-4). 
Although promising enantioselectivity was produced when carbamate 4-4c was 
switched to 4-5 with a L-threonine core, the chemical yield needed further 
improvement because of certain degree of maleimide polymerization in the reaction 
conditions (entry 5). The peptide-based phosphine have been repeatedly proven to be 
effective catalysts in several annulation systems, probably benefited from the 
additional H-bonding donor site involved in the interaction with the substrates. When 
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the L-Thr-L-Val-derived phosphine 4-6 was employed, we are delighted to 
substantially solve the polymerization problem and enantiopure 4-3a was be isolated 
in excellent yield (entry 6). Surprisingly, the L-Thr-D-Val-derived phosphine 4-7 gave 
a 1:1 d.r., suggesting the chirality matching was of vital importance for the 





































Figure 4.2 Bifunctional phoshines tested in the [3+2] annulation 
 The ee value of imide could be additionally improved to 99% when MBH 4-2b 
was used (entry 8). Moreover, it was found that non-polar solvent was suitable 
medium for this reaction, as reactivities dropped dramatically when polarity of 
solvents increased. Only trace amount of product was detected when reaction was 
performed in THF (entries 9-11). Notably, the catalyst could be reduced to 5 mol% 
without compromising the catalytic performance, affording optically pure 4-3a in 
excellent yield (entry 12). 










4-1a: R = Me
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entrya 1 cat time (h) drb Yield (%)c ee (%)d 
1 4-1a 4-4a 24 1:1.3 <50 - 
2 4-1a 4-4b 3 1:1 76 87 
3 4-1a 4-4c 3 >25:1 71 51 
4 4-1a 4-4d 3 2:1 62 41 
5 4-1a 4-5 3 >25:1 73 92 
6 4-1a 4-6 3 >25:1 92 98 
7 4-1a 4-7 3 1:1.2 93 97 
8 4-1b 4-6 3 >25:1 94 99 
9e 4-1b 4-6 12 >25:1 65 99 
10f 4-1b 4-6 24 - <30 - 
11g 4-1b 4-6 24 - <10 - 
12h 4-1b 4-6 24 >25:1 93 99 
a Reactions were performed with 4-1 (0.06 mmol), 4-2a (0.05 mmol) and catalyst (0.005 mmol) in 
toluene (0.5 mL). b Determined by 1H NMR analysis of the crude products. c Isolated yield. d 
Determined by HPLC analysis on a chiral stationary phase. e Reaction was performed in CHCl3 
(0.5 mL).  f Reaction was performed in CH2Cl2 (0.5 mL). g Reaction was performed in THF (0.5 
mL). h The catalyst loading was 5 mol%. 
4.2.2 Substrate Scope 
With the optimized reaction condition in hand, the generality of phosphine 4-6 
catalyzed [3+2] annulations was subsequently evaluated (Table 4.2). In general, high 
yields and excellent selectivities were attainable for MBH carbonates with all kinds of 
aromatic moieties, regardless of the steric and electronic effects (entries 1-10). The 
reaction also worked well when the 2-naphthyl, 2-thiophenyl-containing substrates 
(entries 11-12) were utilized. Moreover, MBH carbonates bearing vinylic, methoxyl 
carbonyl and alkyl groups, as well as MBH carbonate derived from formaldehyde 
were all consistently well tolerated, albeit with slightly dropped diastereoselectivities 
(entries 13-16). Our current catalytic system represents so far the broadest substrate 
scope for the MBH adducts participated reactions. Furthermore, maleimides with 
different N-substituents, including N-aryl and alkyl groups, were proven to be suitable 
substrates as well with perfect results attained. The absolute configuration of the 
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bicyclic imides was determined on based on X-ray crystal structural analysis of 4-3r. 











4-2a: R1 = Ph
4-2b: R1 = 4-ClC6H4
4-2c: R1 = 4-MeC6H4
4-2d: R1 = Me






entrya R 4-2 4-3 drb Yield (%)c ee (%)d 
1 C6H5 4-2a 4-3a >25:1 91 99 
2 C6H5 4-2a 4-3b >25:1 93 99 
3 4-MeC6H4 4-2a 4-3c >25:1 95 >99 
4 4-NO2C6H4 4-2a 4-3d >25:1 93 98 
5 4-FC6H4 4-2a 4-3e >25:1 95 >99 
6 4-CNC6H4 4-2a 4-3f >25:1 93 98 
7 3-BrC6H4 4-2a 4-3g >25:1 96 99 
8 3-ClC6H4 4-2a 4-3h >25:1 93 >99 
9 2-BrC6H4 4-2a 4-3i >25:1 98 >99 
10 2,4-ClC6H3 4-2a 4-3j >25:1 93 99 
11 2-thiophenyl 4-2a 4-3k 18:1 95 >99 
12 2-naphthyl 4-2a 4-3l >25:1 98 >99 
13e (E)-PhCH=CH 4-2a 4-3m 3:1 92 99 
14 CO2Et 4-2a 4-3n 12:1 95 >99 
15f Me 4-2a 4-3o 9:1 93 >99 
16f H 4-2a 4-3p >25:1 88 95 
17 C6H5 4-2a 4-3q >25:1 90 >99 
18 4-ClC6H4 4-2b 4-3r >25:1 92 >99 
19 C6H5 4-2c 4-3s >25:1 94 >99 
20 C6H5 4-2d 4-3t 13:1 93 >99 
21 C6H5 4-2e 4-3u 15:1 92 >99 
a Reactions were performed with 4-1 (0.06 mmol), 4-2 (0.05 mmol) and 4-6 (0.0025 mmol) in 
toluene (0.5 mL); entry 1: EWG = CO2Me; entries 2-16, 18-21: EWG = CO2Et; entry 17: EWG = 
COMe. b Determined by 1H NMR analysis of the crude products. c Isolated yield. d Determined by 
HPLC analysis on a chiral stationary phase. e When catalyst 5 (0.005 mmol) was used, 4-3m was 
isolated in 93% yield and with d.r. 12:1 and 91% ee. f The catalyst loading was 10 mol%. 
In view of the biological value of bicyclic imides, a scaled-up version of the 
catalytic system was performed to test its potential synthetic utility. As shown in 
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scheme 3, by treatment of 0.55 g of maleimide 4-2b with 1.2 eq. of MBH carbonate 
4-1d under the optimal reaction conditions, the desired imide 4-3r was accomplished 
in a gram scale without any loss of reactivity or enantioselectivity (Scheme 4.2). 
 
Scheme 4.2 Scaled-up version of the [3+2] annulation reaction 
4.2.3 Mechanistic Consideration 
When MBH carbonate with tert-butyl ester 4-1c was used, a stark drop of ee 
value for the annulation product was unexpectedly observed (99% ee vs 32% ee). 
Moreover, employment of the L-Thr-L-tert-Leu derived phosphine 4-8 resulted in a 
significantly dropped d.r. and substantially improved ee values. These results 
indicated the high sensitivities for the stereocontrol in the reaction pathway. Taken 
together, we propose a plausible transition state model depicted in Scheme 4.3. The 
maleimide has a strong preference for interaction with Brønsed acids moeities of 
dipeptide backbone and exposing its Re face to the P-ylide generated from addition of 
phosphine to MBH carbonate 4-1b. The -carboanion attack via transition state I is 
more favored than -attack because of the less steric hindrance from phenyl group 
compared to phosphine moiety. With ester group replaced by a more bulkyl tert-butyl 
group, the exerted steric influence on -addition is more significant over -addition. 
The different regioselectivity of -addition and -addition leads to the opposite 
enantioisomers of annulation product. The proposed model is consistent with the 
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EWG4-6 or 4-8 (5 mol%)
toluene, r.t. 24h
cat = 4-6, 4-1b: dr>25:1, 93%yield, 99%ee
cat = 4-6, 4-1c: dr>25:1, 95%yield, 32%ee
cat = 4-8, 4-1c: dr = 4:1, 94%yield, 71%ee












































Scheme 4.3 The [3+2] annulation between 4-1 and 4-2a promoted by different catalysts (top) 
and proposed transition state model (bottom). 
4.3 Conclusions 
In summary, we have developed a highly enantioselective [3+2] annulation of 
MBH carbonates and maleimides. By utilizing dipeptide-based bifunctional 
phosphines, biologically significant enantiopure bicyclic imides (≥98% ee for most 
cases) could be easily accessed under mild reaction conditions in excellent yields and 
with high diastereoselectivities. More endeavors to understand the reaction 
mechanism and biological evaluations of our synthetic bicyclic imides are underway 
in our laboratory. 
 
4.4 Experimental Section 
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4.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 
doublet), br (broad singlet). Coupling constants were reported in Hertz (Hz). Low 
resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high 
resolution mass spectra were obtained on a Finnigan/MAT 95XL- T spectrometer. For 
thin layer chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) 
were used, and compounds were visualized with a UV light at 254 nm. Further 
visualization was achieved by staining with iodine, or ceric ammonium molybdate 
followed by heating on a hot plate. Flash chromatographic separations were 
performed on Merck 60 (0.040- 0.063 mm) mesh silica gel. The enantiomeric 
excesses of products were determined by chiral-phase HPLC analysis, using a Daicel 
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Chiralcel IC-H column (250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column 
(250 x 4.6 mm). 
The MBH carbonates 4-1 were prepared following the literature procedure.13 





















To a mixture of MBH carbonate 4-1b (18.4 mg, 0.06 mmol) and N-phenyl 
maleimide 4-2a (8.7 mg, 0.05 mmol) in toluene (0.5 mL) was added catalyst 4-6 (1.5 
mg, 0.0025 mmol) at room temperature. The flask was sealed, and the reaction 
mixture at the same temperature for 24 hrs. The solvent was then removed and the 
residue was purified directly by column chromatography on silica gel using 
hexane/ethyl acetate (20:1 to 12:1) as an eluent to afford 4-3a as a colorless oil (17.0 
mg, 94% yield). 














13 J. Feng, X. Lu, A. Kong, X. Han, Tetrahedron, 2007, 63, 6035. 
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A colorless oil; [α]25D = +239.4  (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.56 
(dd, J = 1.9 Hz, 7.6 Hz, 1H), 3.70 (s, 3H), 4.32-4.34 (m, 1H), 4.71-4.72 (m, 1H), 7.01 
(m, J = 2.8 Hz, 7.6 Hz, 1H), 7.27-7.32  (m, 5H), 7.37-7.40 (m, 2H), 7.43 (t, J = 7.6 
Hz, 1H), 7.50 (t, J = 7.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 52.00, 52.85, 52.98, 
53.40, 126.36, 126.93, 127.49, 128.81, 129.01, 129.20, 131.49, 137.62, 141.52, 
163.41, 174.33, 176.91; HRMS (EI) m/z calcd for C21H17NO4 [M+] = 347.1153, found 
= 347.1154; The ee value was >99%, tR (major) = 23.9 min, tR (minor) = 17.6 min 





A colorless oil; [α]25D = +249.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.17 (t, 
J = 7.5 Hz, 3H), 3.54 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.05-4.16 (m, 2H), 4.29-4.32 (m, 
1H), 4.68 (s, 1H), 6.98 (s, 1H), 7.23-7.30 (m, 5H), 7.35 (t, J = 7.6 Hz, 2H), 7.39-7.42 
(m, 1H), 7.48 (t, J = 7.7 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 13.93, 52.82, 52.97, 
53.46, 60.98, 126.37, 126.98, 127.43, 128.79, 128.93, 129.18, 131.50, 137.24, 141.64, 
141.93, 162.95, 174.40, 176.98; HRMS (EI) m/z calcd for C22H19NO4 [M+] = 361.1309, 
found = 361.1311; The ee value was 99%, tR (major) =  18.9 min, tR (minor) = 14.0 
min (Chiralcel AD-H, λ = 254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(3aR,4S,6aS)-Ethyl 
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A colorless oil; [α]25D = +190.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.19 (t, 
J = 7.0 Hz, 3H), 2.34 (s, 3H), 3.52 (dd, J = 2.5 Hz, 7.6 Hz, 1H), 4.08-4.15 (m, 2H), 
4.28-4.30 (m, 1H), 4.64 (s, 1H), 6.94-6.95 (m, 1H), 7.12 (d, J = 8.2 Hz, 2H), 7.15 (d, 
J = 8.2 Hz, 2H), 7.28 (d, J = 7.6 Hz, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.46-7.49 (m, 2H); 
13C NMR (125 MHz, CDCl3) δ 13.96, 21.05, 52.93, 52.96, 53.09, 60.95, 126.73, 
126.85, 128.76, 129.17, 129.59, 131.53, 136.98, 137.08, 138.67, 142.05, 163.01, 
174.48, 177.03; HRMS (EI) m/z calcd for C23H21NO4 [M+] = 375.1465, found = 
375.1567; The ee value was >99%, tR (major) = 20.7 min, tR (minor) = 15.3 min 













A colorless oil; [α]25D = +210.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.19 (t, 
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J = 7.0 Hz, 3H), 3.52 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.09-4.16 (m, 2H), 4.34-4.37 (m, 
1H), 4.76 (dd, J = 2.5 Hz, 4.4 Hz, 1H), 7.05-7.06 (m, 1H), 7.28 (d, J = 8.2 Hz, 2H), 
7.41-7.44 (m, 3H), 7.47-7.50 (m, 2H), 8.22 (d, J = 8.8 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 13.96, 52.23, 52.96, 53.19, 61.33, 124.28, 126.29, 128.04, 128.98, 129.26, 
131.28, 138.56, 140.86, 147.32, 148.91, 162.46, 173.69, 176.31; HRMS (EI) m/z calcd 
for C22H18N2O6 [M+] = 406.1159, found = 406.1166; The ee value was 98%, tR (major) 
= 50.8 min, tR (minor) = 31.0 min (Chiralcel AD-H, λ = 254 nm, 30% i-PrOH/hexanes, 





A colorless oil; [α]25D = +195.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.18 (t, 
J = 7.0 Hz, 3H), 3.50 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.06-4.17 (m, 2H), 4.29-4.31 (m, 
1H), 4.66 (d, J = 1.3 Hz, 1H), 6.97 (d, J = 1.9 Hz, 1H), 7.03 (t, J = 8.3 Hz, 2H), 
7.19-7.22 (m, 2H), 7.28 (d, J = 8.2 Hz, 2H), 7.39-7.43 (m, 1H), 7.48 (t, J = 7.8 Hz, 
2H); 13C NMR (125 MHz, CDCl3) δ 13.96, 52.79, 52.81, 52.88, 61.07, 115.83 (d, J = 
26.0 Hz), 126.36, 128.57 (d, J = 8.2 Hz), 128.86, 129.21, 131.44, 137.37, 137.42 (d, J 
= 3.7 Hz), 141.81, 162.05 (d, J = 245.0 Hz), 162.84, 174.22, 176.84; HRMS (EI) m/z 
calcd for C22H18FNO4 [M+] = 379.1214, found = 379.1219; The ee value was 99%, tR 
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(major) = 22.6 min, tR (minor) = 15.5 min (Chiralcel AD-H, λ = 254 nm, 30% 













A colorless oil; [α]25D = +280.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.18 (t, 
J = 7.0 Hz, 3H), 3.49 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.07-4.17 (m, 2H), 4.31-4.34 (m, 
1H), 4.71 (d, J = 1.3 Hz, 1H), 7.03-7.04 (m, 1H), 7.27-7.29 (m, 2H), 7.36 (d, J = 8.2 
Hz, 2H), 7.42 (t, J = 7.2 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H); 
13C NMR (125 MHz, CDCl3) δ 13.94, 52.26, 52.94, 53.41, 61.27, 111.53, 118.47, 
126.29, 127.91, 128.96, 129.24, 131.29, 132.83, 138.45, 140.87, 146.93, 162.49, 
173.74, 176.36; HRMS (EI) m/z calcd for  C23H18N2O4 [M+]+ = 386.1267, found = 
386.1255; The ee value was 98%, tR (major) = 38.2 min, tR (minor) = 21.8 min 
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A colorless oil; [α]25D = +170.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.20 (t, 
J = 7.1 Hz, 3H), 3.52 (dd, J = 2.1 Hz, 7.6 Hz, 1H), 4.07-4.19 (m, 2H), 4.30-4.33 (m, 
1H), 4.62 (s, 1H), 6.99-7.00 (m, 1H), 7.18-7.29 (m, 4H), 7.36 (s, 1H), 7.40-7.43 (m, 
2H), 7.48 (t, J = 7.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 13.95, 52.55, 52.91, 
53.06, 61.15, 122.98, 125.84, 126.34, 128.87, 129.21, 130.02, 130.53, 130.65, 131.39, 
137.91, 141.32, 143.89, 162.68, 174.05, 176.64; HRMS (EI) m/z calcd for 
C22H1879BrNO4 [M+] = 439.0414, found = 439.0413; HRMS (EI) m/z calcd for 
C22H1881BrNO4 [M+] = 441.0393, found = 441.0386; The ee value was 99%, tR (major) 
= 25.7 min, tR (minor) = 23.0 min (Chiralcel IC-H, λ = 254 nm, 30% i-PrOH/hexanes, 





A colorless oil; [α]25D = +250.9 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.19 (t, 
J = 7.6 Hz, 3H), 3.49 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.08-4.17 (m, 2H), 4.28-4.31 (m, 
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1H), 4.64 (s, 1H), 6.98 (d, J = 1.9 Hz, 1H), 7.18 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.2 
Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.48 (t, J = 7.8 Hz, 2H); 
13C NMR (125 MHz, CDCl3) δ 13.95, 52.65, 52.86, 52.89, 61.10, 122.33, 128.38, 
128.86, 129.10, 129.20, 131.40, 133.27, 137.60, 140.15, 141.54, 162.74, 174.12, 
176.72; HRMS (EI) m/z calcd for C22H18ClNO4 [M+] = 395.0919, found = 395.0915; 
The ee value was >99%, tR (major) = 25.3 min, tR (minor) = 18.0 min (Chiralcel 












A white solid; [α]25D = +127.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.16 (t, 
J = 7.1 Hz, 3H), 3.52 (d, J = 9.4 Hz, 1H), 4.05-4.15 (m, 2H), 4.27 (br, 1H), 5.19 (s, 
1H), 7.03 (d, J = 9.5 Hz, 1H), 7.07 (d, J = 1.9 Hz, 1H), 7.14 (td, J = 7.6 Hz, 1.9 Hz, 
1H), 7.26-7.31 (m, 3H), 7.38-7.41 (m, 1H),  7.48 (t, J = 7.6 Hz, 2H), 7.63 (d, J = 7.6 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.95, 52.28, 52.98, 54.32, 61.13, 126.37, 
127.92, 128.82, 129.05, 129.18, 131.55, 133.73, 138.62, 140.40, 140.48, 162.73, 
174.04, 176.20; HRMS (EI) m/z calcd for C22H1879BrNO4 [M+]+ = 439.0414, found = 
439.0411; HRMS (EI) m/z calcd for C22H1881BrNO4 [M+]+ = 441.0393, found = 
441.0386; The ee value was >99%, tR (major) = 14.1 min, tR (minor) = 12.6 min 
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A white solid; [α]25D = +165.8  (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.18 
(t, J = 7.0 Hz, 3H), 3.50 (d, J = 6.3 Hz, 1H), 4.08-4.15 (m, 2H), 4.27-4.29 (m, 1H), 
5.09 (s, 1H), 7.01 (d, J = 7.6 Hz, 1H), 7.06 (t, J = 1.9 Hz, 1H), 7.22 (dd, J = 1.9 Hz, 
8.2 Hz, 1H), 7.28-7.30 (m, 2H), 7.39-7.42 (m, 1H), 7.46-7.49 (m, 3H); 13C NMR (125 
MHz, CDCl3) δ 13.97, 51.85, 52.99, 53.06, 61.25, 126.34, 127.56, 128.88, 129.21, 
130.16, 131.48, 133.98, 134.46, 137.39, 138.96, 140.60, 162.59, 173.87, 176.19; 
HRMS (EI) m/z calcd for C22H17Cl2NO4 [M+] = 429.0529, found = 429.0525; The ee 
value was 99%, tR (major) = 14.8 min, tR (minor) = 11.6 min (Chiralcel AD-H, λ = 
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A colorless oil; [α]25D = +190.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.22 (t, 
J = 7.6 Hz, 3H), 3.65 (dd, J = 1.2 Hz, 7.6 Hz, 1H), 4.11-4.22 (m, 2H), 4.32-4.35 (m, 
1H), 5.00 (s, 1H), 6.92 (s, 1H), 6.95-6.97 (m, 2H), 7.21 (dd, J = 1.3 Hz, 4.5 Hz, 1H), 
7.27 (d, J = 8.2 Hz, 2H), 7.41 (t, J = 7.0 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H); 13C NMR 
(125 MHz, CDCl3) δ 13.99, 48.27, 52.60,  53.30, 61.15, 124.49, 124.81, 126.34, 
127.23, 128.85, 129.21, 131.44, 137.15, 141.72, 144.82, 162.72, 174.12, 176.34; 
HRMS (EI) m/z calcd for C20H17NO4S [M+] = 367.0878, found = 367.0875; The ee 
value was >99%, tR (major) = 20.8 min, tR (minor) = 16.9 min (Chiralcel AD-H, λ = 












A colorless oil; [α]25D = +173.7 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.16 (t, 
J = 7.5 Hz, 3H), 3.60 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.06-4.12 (m, 2H), 4.35-4.37 (m, 
1H), 4.85 (s, 1H), 7.04-7.05 (m, 1H), 7.31 (d, J = 7.0 Hz, 2H), 7.36 (dd, J = 1.9 Hz, 
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8.2 Hz, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.46-7.52 (m, 4H), 7.68 (s, 1H), 7.81-7.86 (m, 
3H); 13C NMR (125 MHz, CDCl3) δ 13.94, 52.80, 53.01, 53.58, 61.02, 125.04, 125.68, 
125.99, 126.37, 127.66, 127.81, 128.81, 128.91, 129.19, 131.50, 132.68, 133.44, 
137.49, 138.97, 141.79, 162.98, 174.38, 176.97; HRMS (EI) m/z calcd for C26H21NO4 
[M+] = 411.1465, found = 411.1466; The ee value was >99%, tR (major) = 15.6 min, tR 













A colorless oil; [α]25D = +189.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.28 (t, 
J = 7.6 Hz, 3H), 3.51-3.55 (m, 1H), 4.18-4.26 (m, 3H), 4.30-4.32 (m, 1H), 6.23 (dd, J 
= 7.6 Hz, 15.8 Hz, 1H), 6.59 (d, J = 15.8 Hz, 1H), 6.87 (dd, J = 1.3 Hz, 2.5 Hz, 1H), 
7.23-7.33 (m, 5H), 7.36-7.42 (m, 3H), 7.48 (t, J = 7.6 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 14.12, 50.24, 50.56, 52.62, 61.07, 126.39, 126.41, 127.82, 128.61, 128.78, 
128.82, 129.20, 131.52, 131.93, 136.45, 137.07, 141.27, 163.08, 174.52, 176.96; 
HRMS (EI) m/z calcd for C24H21NO4 [M+] = 387.1465, found = 387.1466; The ee value 
was 99%, tR (major) = 14.5 min, tR (minor) = 30.6 min (Chiralcel IC-H, λ = 254 nm, 
30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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A colorless oil; [α]25D = +105.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.31 (t, 
J = 6.9 Hz, 3H), 3.84 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 4.21-4.28 (m, 5H), 4.31 (d, J = 1.9 
Hz, 1H), 6.90-6.91 (m, 1H), 7.24 (s, 1H), 7.39-7.42 (m, 1H), 7.45-7.48 (m, 2H); 13C 
NMR (125 MHz, CDCl3) δ 14.06, 14.07, 47.49, 52.45, 53.11, 61.32, 61.97, 126.30, 
128.90, 129.21, 131.33, 137.76, 139.07, 162.66, 171.22, 173.82, 175.99; HRMS (EI) 
m/z calcd for C19H19NO6 [M+] = 357.1207, found = 357.1204; The ee value was >99%, 
tR (major) = 24.6 min, tR (minor) = 36.1 min (Chiralcel IC-H, λ = 254 nm, 30% 












A colorless oil; [α]25D = +194.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.34 (t, 
J = 7.1 Hz, 3H), 1.42 (d, J = 7.1 Hz, 3H), 3.24 (dd, J = 7.6, 2.0 Hz, 1H), 3.65-3.54 (m, 
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1H), 4.32-4.15 (m, 3H), 6.76 (dd, J = 2.5, 1.4 Hz, 1H), 7.31-7.25 (m, 2H), 7.4-7.42 (m, 
1H), 7.43-7.50 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 14.16, 21.51, 43.27, 51.21, 
52.32, 60.94, 126.43, 128.75, 129.18, 131.62, 135.88, 143.79, 163.35, 174.88, 177.59. 
HRMS (EI) m/z calcd for C17H17NO4 [M+] = 299.1152, found = 299.1146; The ee value 
was >99%, tR (major) = 14.7 min, tR (minor) = 8.8 min (Chiralcel AD-H, λ = 254 nm, 




A colorless oil; [α]25D = +129.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.31 (t, 
J = 6.9 Hz, 3H), 3.15-3.18 (m, 1H), 3.64-3.68 (m, 2H), 4.15-4.19 (m, 1H), 4.22 (d, J = 
6.9 Hz, 1H), 4.25 (d, J = 6.9 Hz, 1H), 6.77-6.78 (m, 1H), 7.27 (t, J = 7.0 Hz, 2H), 
7.31-7.41 (m, 1H), 7.45-7.48 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 14.15, 34.99, 
42.68, 53.76, 61.04, 126.42, 128.77, 129.18, 131.63, 136.42, 138.99, 163.52, 174.79, 
178.18; HRMS (EI) m/z calcd for C16H15NO4 [M+] = 285.0996, found = 285.1001; The 
ee value was 95%, tR (major) = 11.3 min, tR (minor) = 9.8 min (Chiralcel AD-H, λ = 
254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(3aS,6S,6aR)-5-Acetyl-2,6-diphenyl-6,6a-dihydrocyclopenta[c]pyrrole-1,3(2H,3aH)-d
ione 4-3q 
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 A colorless oil; [α]25D = +175.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 2.30 
(s, 3H), 3.51 (dd, J = 1.9 Hz, 7.6 Hz, 1H),  4.35-4.37 (m, 1H), 4.73 (s, 1H), 6.88 (t, J 
= 1.3 Hz, 1H), 7.21 (d, J = 7.6 Hz, 2H), 7.24-7.29 (m, 3H), 7.34 (t, J = 7.6 Hz, 2H), 
7.41-7.42 (m, 1H), 7.48 (t, J = 7.7 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 27.54, 
52.54, 53.08, 53.39, 126.32, 126.90, 127.42, 128.82, 129.02, 129.19, 131.49, 136.81, 
141.67, 149.46, 174.44, 176.81, 194.46; HRMS (EI) m/z calcd for C21H17NO3 [M+]+ = 
331.1208, found = 331.1207; The ee value was >99%, tR (major) = 26.5 min, tR (minor) 














A white solid; [α]25D = +270.5  (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.18 
(t, J = 7.1 Hz, 3H), 3.48 (dd, J = 2.1 Hz, 7.6 Hz, 1H), 4.02-4.19 (m, 2H), 4.29 (dt, J = 
2.8 Hz, 7.5 Hz, 1H), 4.62 (s, 1H), 6.96 (d, J = 1.5 Hz, 1H), 7.16 (d, J = 8.4 Hz, 2H), 
7.25 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.43-7.45 (m, 2H); 13C NMR (125 
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MHz, CDCl3) δ 13.94,52.62, 52.84, 52.88, 61.15, 127.55, 128.34, 129.14, 129.40, 
129.85, 133.36, 134.67, 137.37, 140.00, 141.65, 162.67, 173.83, 176.45; HRMS (EI) 
m/z calcd for  C22H17Cl2NO4 [M+] = 429.0529, found = 429.0510; The ee value 
was >99%, tR (major) = 19.0 min, tR (minor) = 16.5 min (Chiralcel AD-H, λ = 254 nm, 





A white solid; [α]25D = +230.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.20 (t, 
J = 7.1 Hz, 3H), 2.41 (s, 3H), 3.56 (dd, J = 2.1 Hz, 7.5 Hz, 1H), 4.07-4.19 (m, 2H), 
4.30-4.33 (m, 1H), 4.69 (s, 1H), 7.00 (t, J = 1.9 Hz, 1H), 7.18 (d, J = 8.3 Hz, 2H), 
7.23-7.32 (m, 5H), 7.37 (t, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 13.94, 
21.21, 52.83, 52.98, 53.43, 60.97, 126.19, 127.00, 127.41, 128.85, 128.93, 129.86, 
137.32, 138.94, 141.69, 141.89, 162.99, 174.56, 177.11; HRMS (EI) m/z calcd for  
C23H21NO4 [M+] = 375.1465, found = 375.1468; The ee value was >99%, tR (major) = 
17.6 min, tR (minor) = 20.7 min (Chiralcel IC-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
(3aR,4S,6aS)-Ethyl 
2-methyl-1,3-dioxo-4-phenyl-1,2,3,3a,4,6a-hexahydrocyclopenta[c]pyrrole-5-carboxy
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A colorless oil; [α]25D = +211.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.17 (t, 
J = 7.1 Hz, 3H), 3.03 (s, 3H), 3.39 (dd, J = 2.1Hz, 7.1 Hz, 1H), 4.06-4.14 (m, 2H), 
4.16-4.18 (m, 1H), 4.57 (s, 1H), 6.91 (t, J = 1.9 Hz, 1H), 7.22 (d, J = 7.1 Hz, 2H), 
7.28 (d, J = 6.3 Hz, 1H), 7.35 (t, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 
13.91, 25.12, 52.94, 53.00, 60.87, 126.95, 127.33, 128.88, 137.28, 141.51, 141.78, 
162.95, 175.51, 178.00; HRMS (EI) m/z calcd for C17H17NO4 [M+] = 299.1152, found 
= 299.1149; The ee value was >99%, tR (major) = 7.4 min, tR (minor) = 15.6 min 













A white solid; [α]25D = +160.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.17 (t, 
J = 7.1 Hz, 3H), 3.38 (dd, J = 2.2 Hz, 7.6 Hz, 1H), 4.03-4.14 (m, 2H), 4.15-4.17 (m, 
1H), 4.57 (s, 1H), 4.65 (d, J = 14.2 Hz, 1H), 4.69 (d, J = 14.0 Hz, 1H), 6.91-6.92 (m, 
1H), 7.21 (d, J = 7.6 Hz, 2H), 7.25-7.38 (m, 8H); 13C NMR (125 MHz, CDCl3) δ 
13.91, 42.67, 52.82, 52.93, 60.88, 126.91, 127.33, 128.06, 128.67, 128.71, 128.88, 
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135.37, 127.26, 141.54, 141.78, 162.96, 175.10, 177.65; HRMS (EI) m/z calcd for  
C23H21NO4 [M+] = 375.1471, found = 375.1465; The ee value was >99%, tR (major) = 
7.9 min, tR (minor) = 11.6 min (Chiralcel AD-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
4.4.4 X-Ray Crystallographic Analysis and Determination of Configurations of 
the [3+2] Products 
The absolute configuration of the product 4-3r (3aR,4S,6aS) was assigned by X-ray 
crystallographic analysis of a single crystal of 4-3r (Figure 4-S1). The configurations 
of other [3+2] annulation products were assigned by analogy. 
 
Figure 4.3 X-ray structure of 4-3r 
Table 4.3 Crystal Data and Structure Refinement for C284. 
Identification code  c284 
Empirical formula  C34.50 H29 Cl3 N1.50 O6 
Formula weight  666.94 
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Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2 
Unit cell dimensions a = 28.6050(19) Å = 90°. 
 b = 16.6826(11) Å = 
16.4390(10)°. 
 c = 15.5685(10) Å = 90°. 
Volume 6652.3(8) Å3 
Z 8 
Density (calculated) 1.332 Mg/m3 
Absorption coefficient 0.321 mm-1 
F(000) 2764 
Crystal size 0.60 x 0.50 x 0.18 mm3 
Theta range for data collection 2.30 to 25.00°. 
Index ranges -34<=h<=19, -19<=k<=19, -18<=l<=18 
Reflections collected 19408 
Independent reflections 11475 [R(int) = 0.0379] 
Completeness to theta = 25.00° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9444 and 0.8305 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 11475 / 303 / 940 
Goodness-of-fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0730, wR2 = 0.1901 
R indices (all data) R1 = 0.0865, wR2 = 0.2006 
Absolute structure parameter 0.02(7) 

















PHD DISSERTATION 2012                                ZHONG FANGRUI 






Chapter 5 Highly Enantioselective [4+2] 
Annulations Catalyzed by Amino Acid-Based 
Phosphines: Synthesis of Functionalized 













Highly enantioselective [4+2] annulation of activated alkenes with -substituted allenoates 
catalyzed by amino acid-based bifunctionl phosphines has been developed for the first time, which 
provided an easy access to optically enriched functionalized cyclohexenes. In particular, 
3-spirocyclohexene-2-oxindoles were prepared in high yields and with excellent 
enantioselectivities. 
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5.1 Introduction 
Functionalized six-membered carbocycles are important substructures commonly 
found in natural products and bioactive molecules.1 Among the available synthetic 
methods for the construction of such molecular frameworks, 2  the DielsAlder 
reaction is one of the most powerful approaches.3 However, the sensitivity of the 
DielsAlder reaction to the steric hindrance makes it difficult to prepare highly 
substituted products.4 Efficient catalytic methods to access heavily substituted and 
functionalized cyclohexene cores are apparently very desirable. 
Chiral phosphine-triggered nucleophilic catalysis has been intensively 
investigated in recent years.5 In particular, the [3+2] cycloaddition, pioneered by Lu, 
has progressed very rapidly in the past few years.6 In contrast, other types of 
annulation reactions have been studied to a much less extent.7 In 2003, Kwon 
disclosed a pioneering study on phosphine-catalyzed [4+2] annulation between imines 
                                                              
1 (a) Arimoto, H.; Shimano, T.; Uemura, D. J. Agric. Food Chem. 2005, 53,3863. (b) Studies in Natural Products 
Chemistry (Ed: Rahman, A.), vol 35, Elsevier, 2008. (c) Saxton, J. E. Nat. Prod. Rep. 1992, 9, 393. (d) Fensome, A. 
et al, J. Med. Chem. 2008, 51, 1861. (e) Venkatesan, H.; C. Davis, M. C.; Altas, Y.; Snyder, J. P.; Liotta, D. C. J. 
Org. Chem. 2001, 66, 3653. (f) Ho, T. L. Carbocycle Construction in Terpene Synthesis; Wiley-VCH: Weinheim, 
Germany, 1988. 
2 For phosphine-catalyzed Rauhut-Currier reaction, see: (a) Wang, L.-C.; Luis, A. L; Agapiou, K.; Jang, H.-Y.; 
Krische, M. J. J. Am. Chem. Soc. 2002, 124, 2402. (b) Frank, S. A.; Mergott, D. J.; Roush, W. R. J. Am. Chem. Soc. 
2002, 124, 2404. (c) Krafft, M. E.; Haxell, T. F. N. J. Am. Chem. Soc. 2005, 127, 10168. For transition 
metal-catalyzed ring-closing metathesis (RCM), see: (d) Grubbs, R. H.; Miller, S. J.; Fu, G. C. Acc. Chem. Res. 
1995, 28, 446. For cycloisomerization reactions, see: (e) Kim, H.; Goble, S. D.; Lee, C. J. Am. Chem. Soc. 2007, 
129, 1030. 
3 (a) The Diels-Alder Reaction: Selected Practical Methods (Eds.: Fringuelli, F.; Taticchi, A.), Wiley, West Sussex, 
England, 2002. (b) Cycloaddition Reactions in Organic Synthesis (Eds.: Kobayashi, S.; Jorgensen, K. A.), 
Wiley-VCH, Weinheim, Germany, 2002. (c) Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. 
E. Angew. Chem. Int. Ed. 2002, 41, 1668. (d) Takao, K.-I.; Munakata, R.; Tadano, K.-I. Chem.  Rev. 2005, 105, 
4779. 
4 Jung, M. E.; Ho, D. G. Org. Lett. 2007, 9, 375 and references cited. 
5 See refs.8 in Chapter 1. 
6 See refs.8 in Chapter 3. 
7 For selected examples of other [m+n] cyclizations, see: (a) Guo, H.; Xu, Q.; Kwon, O. J. Am. Chem. Soc. 2009, 131, 
6318. (b) Na, R.; Jing, C.; Xu, Q.; Jiang, H.; Wu, X.; Shi, J.; Zhong, J.; Wang, M.; Benitez, D.; Tkatchouk, E.; 
Goddard, W. A. III; Guo, H.; Kwon, O. J. Am. Chem. Soc. 2011, 133, 13337. (c) Zhang, Q.; Yang, L.; Tong, X. J. 
Am. Chem. Soc. 2010, 132, 2550. (d) Chen, Z.; Zhang, J. Chem. Asian J. 2010, 5, 1542. 
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and allenes for the synthesis of functionalized tetrahydropyridines.8 Subsequently, the 
same group applied activated alkenes to the phosphine-catalyzed [4+2] annulation 
with allenes for the expedient construction of cyclohexenes.9  The Kwon [4+2] 
cycloaddition represents a useful approach for the preparation of six-membered ring 
systems, including both carbocycles and heterocycles.10 The asymmetric variants of 
the Kwon’s [4+2] annulations with imines have been developed recently.11 However, 
to the best of our knowledge, there is no report on the asymmetric version of the [4+2] 
annulation with activated alkenes employed as reaction components. Herein, we 
document the first highly enantioselective [4+2] annulation between activated alkenes 
and allenoates catalyzed by amino acid-derived phosphines. 
We recently initiated a research program focused on the utilization of amino 
acid-based12 phosphines in enantioselective nucleophilic catalysis. We demonstrated 
the efficiency of threonine-derived phosphines in asymmetric MBH and aza-MBH 
reactions. 13  We also showed that dipeptide-based phosphines could promote 
enantioselective [3+2] cycloadditions of allenes with acrylates or acrylamides.14a,b 
This type of catalysts also worked effectively in enantioselective [3+2] cyclization of 
imines14c with allenoates and maleimides.14d Very recently, we employed the MBH 
                                                             
8 Zhu, X.-F.; Lan, J.; Kwon, O. J. Am. Chem. Soc. 2003, 125, 4716. 
9 Tran, Y. S.; Kwon, O. J. Am. Chem. Soc. 2007, 129, 12632. 
10 For selected examples of constructing heterocycles, see: (a) Waldmann, H.; Khedhar, V.; Duckert, H.; Schurmann, 
M.; Oppel, I. M.; Kumar, K.  Angew. Chem. Int. Ed. 2008, 47, 6869. (b) Duckert, H.; Khedkar, V.; Waldmann, H.; 
Kumar, K. Chem. Eur. J. 2011, 17, 5130. (c) Wang, T.; Ye, S. Org. Lett. 2010, 12, 4168. 
11 (a) Wurz, R. P.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 12234. (b) Xiao, H.; Chai, Z.; Wang, H.-F.; Wang, X.-W.; 
Cao, D.-D.; Liu, W.; Lu, Y.-P.; Yang, Y.-Q.; Zhao, G. Chem. Eur. J. 2011, 11, 10562. 
12 See refs. 89 & 90 in Chapter 1. 
13 (a) Zhong, F.; Wang, Y.; Han, X.; Huang, K.-W.; Lu, Y. Org. Lett. 2011, 13, 1310. (b) Han, X.; Wang, Y.; Zhong, F.; 
Lu, Y. Org. Biomol. Chem. 2011, 9, 6734. 
14 (a) Han, X.; Wang, Y.; Zhong, F.; Lu, Y. J. Am. Chem. Soc. 2011, 133, 1726. (b) Han, X.; Wang, S.-X.; Zhong, F.; 
Lu, Y. Synthesis 2011, 1859. (c) Han, X.; Zhong, F.; Wang Y. and Lu, Y. Angew. Chem. Int. Ed., 2012, 51, 767; (d) 
Zhao, Q.-Y.; Han, X.; Wei, Y.; Shi, M. and Lu, Y. Chem. Commun. 2012, 48, 970. 
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carbonates as C3-synthons in threonine-derived phosphine-catalyzed enantioselective 
[3+2] annulations15 (Chapter 3). Given the remarkable catalytic activity and high 
structural tunability of our phosphine catalysts, we reasoned they may be suitable in 
promoting enantioselective [4+2] cyclizations. 
5.2 Results and Discussion 
5.2.1 Reaction Optimization for the Synthesis of Functionalized Cyclohexenes 
We initiated our investigation by examining the catalytic effects of various amino 
acid-derived phosphines (Figure 5.1) with different Brønsted acid moieties in the [4+2] 
annulation between allenoate 5-4a and benzylidenemalononitrile 5-3a (Table 5.1). 
Phosphines with a strong hydrogen bond donating group, e.g. sulfonamide or thiourea, 
failed to provide sufficient activation for the reaction (entries 1 and 7). Phosphines 
containing an amide or a carbamate group were found to be good catalysts, affording 
the desired cyclization products in high yields, although with only modest 
stereoselectivities (entries 2-6). Notably, L-Val-derived 5-1f bearing the 
3,5-bistrifluoromethylbenzoyl group turned out to be a quite good catalyst, furnishing 
the desired products in excellent enantioselectivity, the diastereoselectivity, however, 
remained poor (entry 6).   
To further improve the results, we next focused on threonine-based catalysts, 
since threonine core was proven to be “privileged” in our previous studies.16 To our 
delight, all the O-silylated L-Thr-based phosphineamides (5-2a-g) were effective 
                                                              
15 Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837. 
16 For selected L-Thr-based catalytic systems reported by us, see: (a) Cheng, L.; Han, X.; Huang, H.; Wong, M. W.; 
Lu, Y. Chem. Commun. 2007, 4143. (b) Cheng, L.; Wu, X.; Lu, Y. Org. Biomol. Chem. 2007, 5, 1018. (c) Wu, X.; 
Jiang, Z.; Shen, H.-M.; Lu, Y. Adv. Synth. Catal. 2007, 349, 812. (d) Zhu, Q.; Lu, Y. Chem. Commun. 2010, 46, 
2235. (e) Jiang, Z.; Lu, Y. Tetrahedron Lett. 2010, 51, 1884; also see refs. 6i, 6j, 13, and 14. 
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catalysts, yielding the products in excellent enantioselectivities and enhanced 
diastereoselectivities (entries 8-14). In particular, phosphine 5-2e with super silyl 
group tris(trimethylsilyl)silyl (TTMSS)17 was found to be the best catalyst. Variation 
of ester moieties in allenoates 5-4 was not beneficial (entries 15-17). 
NHR
PPh2
5-1a: R = Ts
5-1b: R = Boc
5-1c: R = Ac
5-1d: R = COtBu
5-1e: R = COPh







5-2a: R = TBS
5-2b: R = TIPS
5-2c: R = TBDPS
5-2d: R = TDS
5-2e: R = (TMS)3Si
5-2f: R = CO-Adamantyl






Figure 5.1 Bifunctional phosphines employed in the [4+2] annulations 
Table 5.1 [4+2] Annulation of Allenoates 5-4 with Alkene 5-3a Catalyzed by Amino 
Acid-Derived Phosphines 
5-4a: R1 = Me, R2 = tBu
5-4b: R1 = Et, R2 = Et
5-4c: R1 = Et, R2 = tBu
5-4d: R1 = Bn, R2 = tBu
+
cat. (10 mol%)











entrya cat. 5-4 conv. (%)b cis/transc ee (%)d 
1 5-1a 5-4a trace - - 
2 5-1b 5-4a >95 28:72 17 
3 5-1c 5-4a >95 57:43 67 
4 5-1d 5-4a >95 23:77 40 
5 5-1e 5-4a >95 55:45 72 
6 5-1f 5-4a >95 65:35 89 
7 5-1g 5-4a <30 42:58 49 
8 5-2a 5-4a >95 74:26 93 
9 5-2b 5-4a >95 74:26 97 
10 5-2c 5-4a >95 80:20 99 
11 5-2d 5-4a >95 79:21 95 
12 5-2e 5-4a >95 81:19 99 
13 5-2f 5-4a >95 75:25 95 
14 5-2g 5-4a >95 66:34 87 
                                                             
17 Boxer, M. B.; Yamamoto, H.  J. Am. Chem. Soc. 2006, 128, 48. 
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15 5-2c 5-4b >95 75:25 95 
16 5-2c 5-4c >95 80:20 98 
17 5-2c 5-4d >95 32:68 93 
18e 5-2e 5-4a >95 86:14 98 
a Reactions were performed with 5-3a (0.05 mmol), 5-4 (0.075 mmol) and the catalyst (0.005 
mmol) in toluene (0.5 mL) under argon. b Estimated by 1H NMR analysis of the crude mixture. c 
Determined by 1H NMR analysis of the crude products. d The ee values of the cis isomer, 
determined by HPLC analysis on a chiral stationary phase. e The reaction was performed in THF 
(0.5 mL). 
The solvent effect was subsequently evaluated and the results are shown in Table 
5.2. THF turned out to be slightly better one than other common solvents, affording a 
85:15 cis/trans ratio. The combination of different solvent pairs did not give improved 
results, while the use of 2-naphthol, triethyl amine, molecular sieves also afforded 
disappointing diastereoselectivities (entries 13-21). Thus THF was utilized in further 
studies and under the optimized conditions using phosphine 5-2e as the catalyst, the 
desired cyclohexene 5-5 was obtained with 98% ee and a cis to trans ratio of 86:14 
(entry 22).  
Table 5.2 Solvent Screening for the [4+2 ] Annulation with Allenoate 5-4a 
 
entrya solvent conv (%)b cis/transb ee (%)c 
1d toluene >95 80:20 99 
2 toluene >95 83:17 99 
3 THF >95 85:15 98 
4 CH2Cl2 >95 61:39 88 
5 Hexane >95 83:17 97 
6 CHCl3 >95 70:30 87 
7 CH3CN <50 - - 
8 Et2O >95 83:17 87 
9 xylene >95 80:20 82 
10 Ethyl acetate >95 83:17 96 
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11 Dioxane >95 82:18 98 
12 Benzene >95 70:30 98 
13 Et2O/THF (1:1) >95 85:15 98 
14 Ethyl acetate/THF (1:1) >95 84:16 97 
15 Hexane/THF (1:1) 91 85:15 98 
16 Dioxane/THF (1:1) >95 84:16 97 
17 THF/10 mol% 2-naphthnol >95 38:62 84 
18 THF/10 mol% TEA >95 52:48 91 
19d THF/3Å MS >95 75:25 95 
20d THF/4Å MS >95 75:25 94 
21d THF/5Å MS >95 67:33 93 
22f THF 92g 86:14 98 
a Reactions were performed using 5-3a (0.05 mmol), 5-4a (0.075 mmol) and 5-2c (0.005 mmol) in 
the solvent (0.5 mL) under Ar. b The conversion and dr values were determined by 1H NMR 
analysis of the crude products. c The ee values of the cis isomers, determined by HPLC analysis on 
a chiral stationary phase. d The reaction was performed in the presence of 30 mg molecular sieve. f 
Catalyst 5-2e (0.005 mmol) was used. g isolated yield.  
5.2.2 Substrate Scope for the Synthesis of Functionalized Cyclohexenes 
The scope of this novel [4+2] annulation was next established (Table 5.3). The 
reaction was applicable to a wide range of activated alkenes 5-3 with different aryl 
substituents, and moderate to good diastereoselectivities and excellent 
enantioselectivities were attainable (entries 1-14). The reaction also tolerated well 
with 2-naphthyl, 2-furyl, and 2-thiophenyl-containing alkenes (entries 15-17). 
Notably, although the diastereoselectivities of the reaction were modest, the two 
diastereoisomers could be easily separated by column chromatography on silica gel. 
However, alkenes derived from aliphatic aldehydes were found to be unsuitable for 
the annulation, which was consistent with the non-chiral examples reported in the 
literature.9,11 The absolute configurations of the annulation products were determined 
based on the X-ray crystal structure of 5-5f. 
Table 5.3 Enantioselective [4+2] Annulation: Scope with Respect to Alkenes 
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entry Ar (5-5) cis/transb yield (%)c ee (%)d 
1 C6H5 (5-5a) 86:14 92 98 
2 4-CF3-C6H4 (5-5b) 84:16 89 93 
3 4-Et-C6H4 (5-5c) 82:18 91 98 
4 4-OMe-C6H4 (5-5d) 83:17 89 95 
5 4-F-C6H4 (5-5e) 82:18 92 95 
6 4-Br-C6H4 (5-5f) 78:22 88 95 
7 3-Cl-C6H4 (5-5g) 85:15 96 99 
8 3-Br-C6H4 (5-5h) 85:15 94 99 
9e 3-Me-C6H4 (5-5i) 81:19 93 98 
10 2-F-C6H4 (5-5j) 71:29 89 95 
11 2-Me-C6H4 (5-5k) 76:24 90 99 
12 2-Ethynyl-C6H4 (5-5l) 77:23 85 91 
13 2-Cl-C6H4 (5-5m) 75:25 95 98 
14 3,4-Cl-C6H3 (5-5n) 82:18 92 98 
15 2-furyl (5-5o) 60:40 86 93 
16 2-thiophenyl (5-5p) 79:21 93 97 
17 2-naphthyl (5-5q) 87:13 94 97 
a Reactions were performed with 5-3 (0.05 mmol), 5-4a (0.075 mmol) and 5-2e (0.005 mmol) in 
THF (0.5 mL) under argon. b Determined by 1H NMR analysis of the crude products. c Isolated 
yield. d The ee values of the cis isomer, determined by HPLC analysis on a chiral stationary phase. 
e The reaction was performed in THF/Et2O (v/v = 1:1, 0.5 mL). 
5.2.3 Reaction Optimization for the Synthesis of 3-Spirocyclohexene-2-oxindoles 
To further demonstrate the synthetic value of the asymmetric [4+2] annulation 
reaction, we decided to explore the utilization of such annulation reaction in the 
synthesis of complex molecules of biological significance. Oxindole motifs are 
widely present in natural products and therapeutically useful agents.18 In this context, 
3-spirocyclohexene-2-oxindoles are striking molecular frames (Figure 5.2), and their 
                                                              
18 For selected reviews, see: (a) Williams, R. M.; Cox, R. J. Acc. Chem. Res. 2003, 36, 127. (b) Marti, C.; Carreira, E. 
M. Eur. J. Org. Chem. 2003, 2209. (c) H. Lin, H.; Danishefsky, S. J. Angew. Chem. Int. Ed. 2003, 42, 36. (d) 
Galliford, C. V.; Scheidt, K. A. Angew. Chem. Int. Ed. 2007, 46, 8748. (e) Trost, B. M.; Brennan, M. K. Synthesis 
2009, 3003. (f) Zhou, F.; Liu, Y.-L.; Zhou, J. Adv. Synth. Catal. 2010, 352, 138. 
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asymmetric synthetic methods are limited.19 We reasoned a phosphine-catalyzed 
[4+2] annulation employing isatin-derived activated alkenes may furnish a facile 

























Figure 5.2 Spirooxindoles with a six-membered carbocycle 
In the presence of the best catalyst 5-2e identified from the previous studies, the 
[4+2] cycloaddition between isatin-derived alkene 5-7a and allene 5-4a proceeded 
smoothly, affording 3-spirocyclohexene-2-oxindole 5-8a in high yield. However, both 
diastereoselectivity and enantioselectivity were very poor. All the other bifunctional 
phosphines with different H-bond donors derived from L-valine or L-threonine 
resulted in poor stereoselectivities (Scheme 5.1). These results revealed that the mono 
















5-7a 5-4a 5-8  
                                                             
19 For examples utilizing cascade reactions, see: (a) Jia, Z.-J.; Jiang, H.; Li, J.-L.; Gschwend, B.; Li, Q.-Z.; Yin, X.; 
Grouleff, J.; Chen, Y.-C.; Jorgensen, K. A. J. Am. Chem. Soc. 2011, 133, 5053. (b) Jiang, K.; Jia, Z.-J.; Yin, X.; Wu, 
L.; Chen, Y.-C. Org. Lett. 2010, 12, 2766. (c) Wei, Q.; Gong, L.-Z. Org. Lett. 2010, 12, 1008. (d) Jiang, K.; Jia, 
Z.-J.; Chen, S.; Wu, L.; Chen, Y.-C. Chem. Eur. J. 2010, 16, 2852. (e) Bencivenni, G.; Wu, L.-Y.; Mazzanti, A.; 
Giannichi, B.; Pesciaioli, F.; Song, M.-P.; Bartoli, G.; Melchiorre, P. Angew. Chem. Int. Ed. 2009, 48, 7200. 
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Scheme 5.1 [4+2] Annulations of isatin-derived alkene 5-7a catalyzed by mono amino 
acid-derived phosphines 
To search for a more efficient catalytic system, we turned to our previously 
developed dipeptide-based phosphines. We hypothesize that the addition of another 
amino acid residue may facilitate the interactions of the catalyst with alkenes 5-7, and 
provide more confined space for the reaction to take place, thus lead to enhanced 
stereoselectivity. While catalyst 6a with L-Thr-L-Val backbone did not give much 
improvement in stereoselectivities, phosphine 5-6b with an altered amino acids 
residues combination D-Thr-L-Val afforded substantially increased enantioselectivity, 
indicating the chirality matching is crucial for asymmetric induction (Table 5.4, 
entries 2-3). Moreover, we were delighted to discover that replacement of L-valine 
with L-tert-leucine led to further improved results for both d.r. and ee values (entry 4). 
Variation of the silyl protection on the hydroxy group of threonine and installation of 
a carbamate or an amide at the terminal amino group offered fine tunings for the 
catalytic systems. Finally, O-TBDPS-D-Thr-L-N-Boc-tert-Leu-based 5-6d was found 
to be the best catalyst (entry 7).  
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5-6c: R1/R2 = TBS/Boc
5-6d: R1/R2 = TBDPS/Boc
5-6e: R1/R2 = TIPS/Boc
5-6f: R1/R2 = TDS/Boc
5-6g: R1/R2 = TBDPS/CO2C(CH3)2CCl3

















5-6a 5-6b  
entrya  cat.  t (h)  yield 
(%)b 
d.r.c  ee (%)d 
1  5‐2e  1  83  55:45  17 
2  5‐6a  1  81  83:17  ‐23 
3  5‐6b  1  83  86:14  ‐75 
4  5‐6c  1  86  92:8  86 
5  5‐6d  1  89  96:4  91 
6  5‐6e  1  86  94:6  91 
7  5‐6f  1  91  94:6  86 
8  5‐6g  1  84  90:10  90 
9  5‐6h  1  83  83:17  82 
10e  5‐6d  3  91  97:3  93 
a Reactions were performed with 5-7a (0.03 mmol), 5-4a (0.045 mmol) and the catalyst (0.003 
mmol) in toluene (0.75 mL) under argon. b Isolated yield. c Determined by 1H NMR analysis of 
the crude products. d Determined by HPLC analysis on a chiral stationary phase. e The catalyst 
loading was 5 mol% and the reaction was performed in toluene (1.5 mL) in the presence of 4Å 
molecular sieves (30 mg) 
The substrate optimizations were performed with the best catalyst in hand and the 
results were shown in Table 5.5. The ester moieties of the allenoates 5-4 indeed play 
an important role in asymmetric induction. In particular, a bulkier ester group at  
position afforded much better stereoselectivity (entries 1-2). Different N-protection 
groups of oxindoles 5-7 significantly affected the enantioselectivity. Among alkyl 
groups screened, benzyl group resulted in the best results, as compared with a small 
methyl group or bulky trityl group (entries 5-7). Moreover, a following solvent 
evaluation showed toluene remained the best medium (Table 5.6). The catalyst 
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loading could be reduced to 5 mol% in the presence of 4Å molecular sieves and the 
spiroxindole 5-8a could be delivered in 91% yield and with a d.r. 97:3 and 93% ee 
(entry 9). 
Table 5.5 Optimization of the Substrates for the [4+2] Annulation with Alkenes 5-7 
 
entrya R1 R2 R3 t (h) Yield (%)b d.r.c ee (%)d 
1 Bn Et Et 1 75 86:14 75 
2 Bn Et tBu 1 88 95:5 91 
3 Bn Me tBu 1 89 96:4 91 
4 Bn Bn tBu 1 85 93:7 90 
5 Me Me tBu 1 75 84:16 73 
6 PMB Me tBu 1 83 95:5 89 
7 Trt Me tBu 12 62 94:6 78 
a Reactions were performed with 7 (0.03 mmol), 4 (0.045 mmol) and 6b (0.003 mmol) in toluene 
(0.75 mL) under Ar. b Isolated yield. c The dr values were determined by 1H NMR analysis of the 
crude products. d The ee values were determined by HPLC analysis on a chiral stationary phase. 
Table 5.6 Solvent Screening for the [4+2] Annulation with 5-7a 
 
entrya solvent t (h) yield (%)b d.r.c ee (%)d 
1 toluene 1 89 95:5 91 
2 THF 1 82 90:10 71 
3 CH2Cl2 1 78 85:15 79 
4 CHCl3 1 83 91:9 82 
5 Et2O 1 80 91:9 81 
6 xylene 1 85 93:7 78 
7 CH3CN 6 63 80:20 20 
8e toluene 2 88 95:5 91 
9f toluene 3 91 97:3 93 
a Reactions were performed with 5-7a (0.03 mmol), 5-4a (0.045 mmol) and 5-6b 
(0.003 mmol) in toluene (0.75 mL) under Ar. b Isolated yield. c The dr values were 
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determined by 1H NMR analysis of the crude product. d The ee values were 
determined by HPLC analysis on a chiral stationary phase. e The reaction was 
performed with 5 mol% 5-6d. f The reaction was performed in toluene with 5 mol% 
5-6d and 30 mg 4Å molecular sieves in toluene (1.5 mL). 
5.2.4 Substrate Scope for the Synthesis of 3-Spirocyclohexene-2-oxindoles 
Under the optimal reaction conditions, in the presence of 5 mol% of 5-6d and 
molecular sieves, a number of 3-spirocyclohexene-2-oxindoles were prepared from 
various isatin-derived activated alkenes in very high yields, and with excellent 
diastereoselectivities and enantioselectivities (entries 8-16) (Table 5.7). The absolute 
configurations of the spirooxindole products were determined based on the X-ray 
crystal structure of 5-8d. 




















entrya  5‐8  Yield (%)b  d.r.c  ee (%)d 
1  H (5‐8a)  91  97:3  93 
2  5‐Br (5‐8b)  91  95:5  90 
3  5‐F (5‐8c)  90  95:5  91 
4  5‐Cl (5‐8d)  93  96:4  91 
5  5‐Me (5‐8e)  91  96:4  91 
6  5‐OMe (5‐8f)  92  95:5  91 
7  7‐F (5‐8g)  94  97:3  93 
8  7‐Cl (5‐8h)  96  98:2  92 
9  5,7‐Me (5‐8i)  95  99:1  89 
a Reactions were performed with 5-7 (0.03 mmol), 5-4a (0.045 mmol), 5-6d (0.0015 mmol) and 4 
Å molecular sieves (30 mg) in toluene (1.5 mL) under argon. b Isolated yield. c Determined by 1H 
NMR analysis of the crude products. d Determined by HPLC analysis on a chiral stationary phase.  
The ester group at the ’ position of allenoates increases the steric hindrance of 
the’ position, and thus favors the -cyclization. The presence of the ester function 
also increases the acidity of the ’ proton, which is believed to be crucial for the [4+2] 
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annulations described here. Such results also imply the importance of proton transfer 
step in the reaction mechanism, which is in line with Kwon’s proposal.9 The ester 
group at the ’ position of allenoate 5-4 could be replaced with electron-poor 
aromatic rings, and the annulation proceeded smoothly to afford cyclization products 
in moderate yields, good d.r. and excellent ee (eq. 1). However, the reaction was not 
applicable to electron neutral phenyl ring at the ’ position.  
 
5.2.5 Mechanistic Consideration 
The reaction mechanism has not been studied, but we believe the general 
pathways follow Kwon’s proposal.9 To elucidate importance of the hydrogen bond 
donors in our catalysts, we prepare a number of dipeptide catalysts, and examined 
their catalytic effects on the [4+2] annulation (Scheme 5.2). The chirality matching 
was important in our catalytic system, and the first amino acid residue determined the 
sense of chirality in the reaction products (5-6g and 5-6h vs. 5-6g and 5-6i). The 
carbamate NH was important for the reaction rate, but did not have much influence on 
the diastereo- and enantioselectivity (5-6h vs 5-6i, 1h vs 12 h reaction time). The 
amide NH was crucial for both stereoselectivity and reaction rate; when 5-6j was 
employed as the catalyst, the reaction did not complete after 48 h, and virtually no 
diastereoselectivity and very low ee were observed. This might be attributed to the 
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possible catalytic role of the additional amide NH in assisting the [1,2] proton shift20 






































5-6g 5-6h 5-6i 5-6j
 
Scheme 5.2 The [4+2] annulation of 5-7a and 5-4a catalyzed by different dipeptidic 
phosphines 
5.3 Conclusions 
In conclusion, we have developed the first highly enantioselective [4+2] 
annulations between activated alkenes and -substituted allenoates catalyzed by 
amino acid-based phosphine catalysts, and such all carbon cyclizations create chiral 
functionalized cyclohexenes. By employing isatin-derived alkenes, the cycloaddition 
yielded 3-spirocyclohexene-2-oxindoles, a molecular framework of biological 
significance. Further synthetic applications and mechanistic investigations are 
underway in our laboratory. 
5.4 Experimental Section 
5.4.1 Material and General Methods 
                                                             
20 For excellent mechanistic studies, see: (a) Lin, M.; Kang, G.-Y.; Guo Y.-A. and Yu, Z.-X. J. Am. Chem. Soc, 2012, 
2012, 134, 398. (b) Xia, Y.; Liang, Y.; Chen, Y.; Wang, M.; Jiao, L.; Huang, F.; Liu, S.; Li, Y. and Yu, Z.-X. J. Am. 
Chem. Soc., 2007, 129, 3470. (c) Dudding, T.; Kwon, O. and Mercier, E. Org. Lett., 2006, 8, 3643. (d) Mercier, E.; 
Fonovic, B.; Henry, C.; Kwon O. and Dudding, T. Tetrahedron Lett., 2007, 48, 3617. (e) Liang, Y.; Liu, S.; Xia, Y.; 
Li ,Y. and Yu, Z.-X. Chem. Eur. J., 2008, 14, 4361. 
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All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as follows: 
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), br 
(broad singlet). Coupling constants were reported in Hertz (Hz). Low resolution mass 
spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a 
Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high resolution mass 
spectra were obtained on a Finnigan/MAT 95XL- T spectrometer. For thin layer 
chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) were used, 
and compounds were visualized with a UV light at 254 nm. Further visualization was 
achieved by staining with iodine, or ceric ammonium molybdate followed by heating 
on a hot plate. Flash chromatographic separations were performed on Merck 60 
(0.040- 0.063 mm) mesh silica gel. The enantiomeric excesses of products were 
determined by chiral-phase HPLC analysis, using a Daicel Chiralcel IC-H column 
(250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column (250 x 4.6 mm). 
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-Cyanoacrylonitriles 5-3,21 allenoates 5-4,22 2-(2-oxoindolin-3-ylidene)malon- 
onitriles 5-7. 23  For all the [4+2] annulation products 5-5 and 5-8, the two 
diastereomers were easily separated and only the major diastereomers were subjected 
to chiral HPLC analysis. 
5.4.2 Preparation of the Catalysts 




















O 5-2a: R = TBS
5-2b: R = TIPS
5-2c: R = TBDPS



















To a solution of 5-2-1 (546 mg, 2 mmol) and Et3N (417 μL, 3 mmol) in anhydrous 
CH2Cl2 (30 mL) was slowly added a solution of 3,5-bis(trifluoromethyl)benzoyl 
chloride (360 μL, 2 mmol) in CH2Cl2 (30 mL) at -50oC over 30 min. The resulting 
mixture was stirred at the same temperature for 1h and then warmed to room 
                                                             
21 Jhillu, S. Y.; Basi, V. S. R.; ashok, K. B.; Boddapati, V.; Akkirala, V. N.; Kommu, N. Eur. J. Org. Chem. 2004, 
546. 
22 (a) Zhu, X.-F.; Lan, J.; Kwon, O. J. Am. Chem. Soc. 2003, 125, 4716. (b) Wurz, R. P.; Fu, G. C. J. Am. Chem. 
Soc. 2005, 127, 12234. 
23 (a) Itoh, T.; Ishikawa, H.; Hayashi, Y. Org. Lett. 2009, 11, 3854. (b) Liu, H.; Dou, G.; Shi, D. J. Comb. Chem. 
2010, 12, 292. 
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temperature. Water (45 mL) was added and the organic layer was separated. The 
aqueous phase was extracted with CH2Cl2 (2 x 15 mL). The combined organic layers 
were washed with brine and dried over Na2SO4. Solvent was removed under reduced 
pressure and the residue was purified by column chromatography on silica gel 
(hexane/ethyl acetate = 25:1 to 8: 1) to afford 5-2-2 (630 mg, 62% yield) as a white 
solid and 5-2g (350 mg, 23% yield) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 1.24 (d, J = 6.3 Hz, 3H), 2.55-2.65 (m, 2H), 3.08 (br, 
1H), 4.23-4.24 (m, 1H), 4.32-4.35 (m, 1H), 6.69 (s, 1H), 7.29-7.31 (m, 6H), 7.45-7.52 
(m, 4H), 7.98 (s, 1H), 8.04 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 20.52, 31.60 (d, J = 
14.6 Hz), 53.72 (d, J = 14.6 Hz), 69.41 (d, J = 9.1 Hz), 119.57, 121.74, 123.92, 124.84 
(d, J = 3.7 Hz), 124.89, 126.09, 127.20 (d, J = 2.7 Hz), 128.57 (d, J = 2.7 Hz), 128.62 (d, 
J = 2.7 Hz), 128.95 (d, J = 10.9 Hz), 132.13 (q, J = 33.7 Hz), 132.56 (d, J = 3.6 Hz), 
132.71 (d, J = 3.6 Hz), 136.16, 137.35 (d, J = 11.9 Hz), 137.89 (d, J = 10.9 Hz), 164.51; 
31P NMR (121 MHz, CDCl3) δ -22.8; HRMS (ESI) m/z calcd for C25H22F6NO2P 
[M+Na]+ = 536.1190, found = 536.1197. 
(2R,3S)-3-(3,5-bis(trifluoromethyl)benzamido)-4-(diphenylphosphino)butan-2-yl 
3,5-bis(trifluoro methyl)benzoate 5-2g 
1H NMR (500 MHz, CDCl3) δ 1.55 (d, J = 6.4 Hz, 3H), 2.51-2.55 (m, 1H), 2.67 (dd, J 
= 3.8 Hz, 14.5 Hz, 1H), 4.74-4.82 (m, 1H), 5.58-5.63 (m, 1H), 6.32 (br, 1H), 7.29-7.31 
(m, 6H), 7.46-7.49 (m, 4H), 7.89 (s, 2H), 7.95 (s, 1H), 8.08 (s, 1H), 8.43 (s, 2H); 13C 
NMR (125 MHz, CDCl3) δ 17.33, 31.17 (d, J = 16.4 Hz), 52.69 (d, J = 13.7 Hz), 74.79 
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(d, J = 10.0 Hz), 121.63 (d, J = 5.5 Hz), 123.80 (d, J = 5.5 Hz), 125.03, 125.98 (d, J = 
5.5 Hz), 126.66, 126.95, 128.76 (q, J = 3.7 Hz), 129.16, 129.23, 129.64, 130.88, 131.64, 
131.89, 132.20 (d, J = 4.6 Hz), 132.64 (q, J = 33.8 Hz), 135.78, 137.37 (d, J = 5.5 Hz), 
137.44, 163.89; 31P NMR (121 MHz, CDCl3) δ -24.25; HRMS (ESI) m/z calcd 
C34H24F12NO3P [M+H]+ = 754.1380, found = 754.1393. 
N-((2S,3R)-3-(tert-Butyldimethylsilyloxy)-1-(diphenylphosphino)butan-2-yl)-3,5-bis(t
rifluoromethyl)benzamide 5-2a 
To a solution of 5-2-2 (61 mg, 0.12 mmol) in dry DMF (28 L, 0.36 mmol) was 
added imidazole (25 mg, 0.36 mmol) and tert-butyldimethylsilyl chloride (22 mg, 0.15 
mmol) at room temperature under N2. The solution was stirred for 36 h, and the mixture 
was directly purified by column chromatography (hexane/ethyl acetate = 25:1) to 
afford 5-2a as a white solid (61 mg, 81 % yield). 
1H NMR (500 MHz, CDCl3) δ 0.14 (s, 3H), 0.16 (s, 3H), 0.94 (s, 9H), 1.16 (d, J = 7.7 
Hz, 3H), 2.27 (dd, J = 7.7 Hz, 13.3 Hz, 1H), 2.64-2.68 (m, 1H), 4.15-4.18 (m, 1H), 
4.31-4.35 (m, 1H), 6.66 (d, J = 8.9 Hz, 1H), 7.30-7.38 (m, 6H), 7.39-7.41 (m, 2H), 
7.56-7.59 (m, 2H), 7.98 (s, 1H), 8.10 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 17.91, 
21.26, 25.78, 29.65, 31.47 (d, J = 13.7 Hz), 53.40 (d, J = 15.6 Hz), 69.23 (d, J = 10.9 
Hz), 123.99, 124.86, 127.08, 128.57 (d, J = 7.3 Hz), 128.69 (d, J = 7.3 Hz), 128.81, 
129.18, 132.76 (q, J = 28.8 Hz), 136.52, 163.54; 31P NMR (121 MHz, CDCl3) δ -22.77; 
HRMS (ESI) m/z calcd for C31H36F6NO2PSi [M+H]+ = 628.2230, found = 628.2240. 
Catalysts 5-2b-d were prepared from 5-2-2, following the same procedure described 
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for the preparation of 5-2a. 
N-((2S,3R)-1-(Diphenylphosphino)-3-(triisopropylsilyloxy)butan-2-yl)-3,5-bis(trifluor
omethyl)benzamide 5-2b 
A white solid; 1H NMR (500 MHz, CDCl3) δ 0.11 (m, 21H), 1.23 (d, J = 6.3 Hz, 3H), 
2.40-2.44 (m, 1H), 2.73-2.77 (m, 1H), 4.18-4.24 (m, 1H), 4.47-4.50 (m, 1H), 6.80 (br, 
1H), 7.30-7.35 (m, 6H), 7.38-7.41 (m, 2H), 7.57-7.60 (m, 2H), 7.98 (s, 1H), 8.12 (s, 
2H); 13C NMR (125 MHz, CDCl3) δ 17.48, 27.80, 31.75 (d, J = 15.6 Hz), 36.34, 38.91, 
40.91, 52.81 (d, J = 13.7 Hz), 71.58 (d, J = 10.0 Hz), 121.78, 123.95, 124.89, 127.09, 
128.62, 128.67, 129.00 (d, J = 8.2 Hz), 132.00 (q, J = 33.7 Hz), 132.55, 132.71 (d, J = 
3.6 Hz), 132.89, 136.10, 163.57, 177.41; 31P NMR (121 MHz, CDCl3) δ -24.10; HRMS 
(ESI) m/z calcd for C34H42F6NO2PSi [M+H]+ = 670.2699, found = 670.2723. 
N-((2S,3R)-3-(tert-Butyldiphenylsilyloxy)-1-(diphenylphosphino)butan-2-yl)-3,5-bis(t
rifluoromethyl)benzamide 5-2c 
A white solid; 1H NMR (500 MHz, CDCl3) δ 1.10 (d, J = 3.8 Hz, 3H), 1.14 (s, 9H), 
2.23-2.27 (m, 1H), 2.57-2.61 (m, 1H), 4.24-4.30 (m, 1H), 4.35 (dd, J = 6.3 Hz, 12.6 Hz, 
1H), 6.46 (d, J = 8.9 Hz, 1H), 7.29-7.30 (m, 5H), 7.37-7.50 (m, 10 H), 7.67 (dd, J = 1.3 
Hz, 8.2 Hz, 2H), 7.72-7.76 (m, 3H), 8.02 (s, 1H), 8.06 (s, 2H); 13C NMR (125 MHz, 
CDCl3) δ 19.42, 21.15, 26.58, 27.09, 32.47 (d, J = 15.5 Hz), 53.84 (d, J = 16.4 Hz), 
71.40 (d, J = 10.0 Hz), 121.85, 124.02, 124.82, 127.04, 127.71, 127.87, 128.47 (d, J = 
6.4 Hz), 128.90, 129.62, 130.02 (d, J = 8.2 Hz), 131.98, 132.53 (q, J = 32.8 Hz), 133.02, 
133.13, 133.66, 134.80, 135.27, 135.82, 136.60, 138.58 (d, J = 12.8 Hz), 163.60; 31P 
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NMR (121 MHz, CDCl3) δ; -22.42; HRMS (ESI) m/z calcd for Chemical Formula: 
C41H40F6NO2PSi [M+H]+ = 752.2543, found = 752.2564. 
N-((2S,3R)-3-((2,3-Dimethylbutan-2-yl)dimethylsilyloxy)-1-(diphenylphosphino)buta
n-2-yl)-3,5-bis(trifluoromethyl)benzamide 5-2d 
A white solid; 1H NMR (500 MHz, CDCl3) δ 0.21 (s, 3H), 0.23 (s, 3H), 0.92 (d, J = 8.8 
Hz, 6H), 0.96 (s, 3H), 0.97 (s, 3H), 1.19 (d, J = 6.4 Hz, 3H), 2.27 (dd, J = 7.6 Hz, 13.9 
Hz, 1H), 2.71-2.75 (m, 1H), 4.18-4.24 (m, 1H), 4.34-4.38 (m, 1H), 6.68 (d, J = 8.2 Hz, 
1H), 7.29-7.35 (m, 6H), 7.37-7.42 (m, 2H), 7.60-7.63 (m, 2H), 8.01 (s, 1H), 8.13 (s, 
2H); 13C NMR (125 MHz, CDCl3) δ -2.64, -2.35, 18.55, 18.66, 20.33, 20.49, 21.32, 
24.91, 32.11 (d, J = 12.3 Hz), 34.44, 53.42 (d, J = 16.4 Hz), 69.36 (d, J = 10.9 Hz), 
124.83, 124.00, 124.84, 127.09, 128.57 (d, J = 6.4 Hz), 128.69 (d, J = 7.3 Hz), 128.80, 
129.24, 132.23, 132.43, 132.71 (q, J = 25.2 Hz), 136.41, 163.53; 31P NMR (121 MHz, 
CDCl3) δ -22.45; HRMS (ESI) m/z calcd for C33H40F6NO2PSi [M+H]+ = 656.2543, 

















To a solution of 5-2-2 (257 mg, 0.5 mmol) and Et3N (139 L, 1.0 mmol) in dry 
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CH2Cl2 (5 mL) was slowly added TTMSSOTf (0.75 mmol, in CH2Cl2 solution, 
pre-prepared according to a known procedure described in ref. 7) at 0 oC. The resulting 
mixture was stirred at room temperature for 2 h, and water (5 mL) was added and the 
organic layer was separated. The aqueous phase was extracted with CH2Cl2 (2 x 5 mL). 
The combined organic layers were washed with brine and dried over Na2SO4. Solvent 
was removed under reduced pressure and the residue was purified column 
chromatography on silica gel (hexane/ethyl acetate = 50:1 to 5:1) to afford 5-2e (170 
mg, 45% yield) as a white solid, 5-2-2 (115 mg) was also recovered. 
1H NMR (500 MHz, CDCl3) δ 0.24 (s, 27H), 1.15 (d, J = 5.7 Hz, 3H), 2.25-2.30 (m, 
1H), 2.64-2.68 (m, 1H), 4.05 (dd, J = 6.3 Hz, 12.6 Hz, 1H), 4.17 (dd, J = 7.6 Hz, 15.1 
Hz, 1H), 6.48 (d, J = 8.9 Hz, 1H), 7.27-7.32 (m, 6H), 7.39 (td, J = 7.6 Hz, 1.9 Hz, 2H), 
7.55-7.58 (m, 2H), 7.98 (s, 1H), 8.06 (s, 2H); 13C NMR (125 MHz, CDCl3) δ 20.85, 
32.67 (d, J = 15.5 Hz), 53.45 (d, J = 15.5 Hz), 73.08 (d, J = 10.9 Hz), 121.82, 123.99, 
124.79, 124.83 (d, J = 2.7 Hz), 127.01 (d, J = 2.7 Hz), 128.44 (d, J = 6.4 Hz), 128.51 (d, 
J = 7.3 Hz), 129.02, 132.07 (q, J = 33.6 Hz), 132.45 (d, J = 18.2 Hz), 133.00, 133.16, 
136.40, 137.33 (d, J = 12.8 Hz), 138.65 (d, J = 11.9 Hz), 163.35; 31P NMR (121 MHz, 
CDCl3) δ -23.12; HRMS (ESI) m/z calcd for C34H48F6NO2PSi4 [M+H]+ = 760.2477, 
found = 760.2486. 
(3R,5R,7R)-(2R,3S)-3-(3,5-Bis(trifluoromethyl)benzamido)-4-(diphenylphosphino)but
an-2-yl adamantane-1-carboxylate 5-2f 
To solution of 2-2 (46 mg, 0.09 mmol) and Et3N (25 L, 0.18 mmol) in dry 
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CH2Cl2 (1 mL) at 0 oC was added slowly 1-adamantanecarbonyl chloride. The resulting 
mixture was stirred at room temperature for 2 h, water (2 mL) was then added, and the 
organic layer was separated. The aqueous phase was extracted with CH2Cl2 (2 x 2 mL). 
The combined organic layers were washed with brine and dried over Na2SO4. Solvent 
was removed under reduced pressure and the residue was purified by column 
chromatography on silica gel (hexane/ethyl acetate = 50:1 to 25:1) to afford 5-2f (46 
mg, 75% yield) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 1.29 (d, J = 6.3 Hz, 3H), 1.64 (d, J = 12.0 Hz, 3H), 1.72 
(d, J = 12.6 Hz, 3H), 1.83 (s, 6H), 1.99 (s, 3H), 2.39-2.44 (m, 1H), 2.50-2.54 (m, 1H), 
4.48-4.55 (m, 1H), 5.26-5.30 (m, 1H), 6.21 (d, J = 8.9 Hz, 1H), 7.20-7.29 (m, 6H), 
7.40-7.47 (m, 4H), 7.94 (s, 2H), 7.96 (s, 1H); 13C NMR (125 MHz, CDCl3) δ -2.64, 
-2.35, 18.55, 18.66, 20.33, 20.49, 21.32, 24.91, 32.11 (d, J = 12.3 Hz), 34.44, 53.42 (d, 
J = 16.4 Hz), 69.36 (d, J = 10.9 Hz), 124.83, 124.00, 124.84, 127.09, 128.57 (d, J = 6.4 
Hz), 128.69 (d, J = 7.3 Hz), 128.80, 129.24, 132.23, 132.43, 132.71 (q, J = 25.2 Hz), 
136.41, 163.53; 31P NMR (121 MHz, CDCl3) δ -22.45; HRMS (ESI) m/z calcd for 
C36H36F6NO3P [M+H]+ = 676.2410, found = 676.2416. 
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amino)-3-methyl-1-oxobutan-2-yl)-3,5-bis(trifluoromethyl)benzamide 5-6f 
To a stirred solution of 5-6b (36 mg, 0.05 mmol) in anhydrous CH2Cl2 (0.5 mL) 
was added TFA (0.1 mL), and the resulting mixture was stirred at room temperature 
for 2 hrs. The reaction was then quenched with saturated aqueous NaHCO3 (5 mL), 
and extracted with CH2Cl2 several times (3 × 5 mL). The combined organic extracts 
were dried over Na2SO4, filtered and concentrated. The residue and Et3N (14 μL, 0.1 
mmol) were dissolved in anhydrous CH2Cl2 (0.5 mL) at 0 oC, 
3,5-bis(trifluoromethyl)benzoyl chloride (11 μL, 0.06mmol) was added, and the 
mixture was stirred at 0 oC for 1 h. Solvent was removed and the residue was purified 
directly by flash column chromatography (hexane/ethyl acetate = 25 : 1 to 15 : 1) to 
afford 5-6f as a white solid (33 mg, 77% yield). 
1H NMR (500 MHz, CDCl3) δ 1.03 (d, J = 6.3 Hz, 3H), 1.10 (s, 9H), 1.12 (s, 9H), 2.18 
(dd, J = 6.9 Hz, 13.9 Hz, 1H), 2.37 (dd, J = 8.2 Hz, 12.6 Hz, 1H), 3.92-3.96 (m, 1H), 
4.19 (dd, J = 6.3 Hz, 12.6 Hz, 1H), 6.05 (d, J = 9.5 Hz, 1H), 7.13 (d, J = 8.9 Hz, 1H), 
7.21-7.25 (m, 4H), 7.28-7.34 (m, 4H), 7.36-7.40 (m, 5H), 7.43-7.45 (m, 2H), 7.67 (td, J 
= 1.3 Hz, 8.2 Hz, 4H), 7.71-7.73 (m, 1H), 8.03 (s, 1H), 8.29 (s, 2H); 13C NMR (125 
MHz, CDCl3) δ 19.37, 21.36, 26.88, 27.17, 32.77 (d, J = 13.7 Hz), 35.48, 52.97 (d, J = 
16.4 Hz), 61.89, 70.85 (d, J = 9.1 Hz), 121.84, 124.01, 125.13, 127.49, 127.63, 127.70, 
127.80, 128.46 (q, J = 6.4 Hz), 128.69 (d, J = 12.8 Hz), 129.63, 129.93 (d, J = 12.8 Hz), 
132.51 (q, J = 33.7 Hz), 132.55 (d, J = 11.8 Hz), 132.71 (d, J = 11.9 Hz), 133.68, 134.79, 
135.96, 135.99, 136.65, 164.32, 169.39; 31P NMR (121 MHz, CDCl3) δ -22.82; HRMS 
(ESI) m/z calcd for Chemical Formula: C47H51F6N2O3PSi [M+H]+ = 887.3208, found = 
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887.3199. 






























To a stirred solution of N-methylated-N-Boc L-valine24 (46 mg, 0.20 mmol) in 
anhydrous CH2Cl2 (1 mL) was added DCC (20 mg, 0.12 mmol), and the resulting 
mixture was stirred at room temperature for 2 hrs. The solution was then cooled down 
to 0 oC and a solution of 5-6-1 (27 mg, 0.10 mmol) in CH2Cl2 (0.5 mL) was added 
dropwise. The reaction mixture was further stirred for 0.5 h at 0 oC and 0.5 h at room 
temperature. Water (2 mL) was added to quench the reaction, and the resulting 
mixture was extracted with dichloromethane several times (3 x 2 mL). The combined 
organic extracts were dried over sodium sulfate, filtered and concentrated, and the 
residue was purified by column chromatography (hexane: ethyl acetate = 10:1) to 
afford 5-6i-1 (35 mg, 75%) as a colorless oil.  
To a solution of 5-6i-1 in dry DMF (17 L, 0.23 mmol) at room temperature under 
N2 was added imidazole (15 mg, 0.23 mmol) and tert-butyldiphenylsilyl chloride (30 
                                                             
24 Malkov, A.; Vranková, K.; Cerný, M.; Kocovský, P. J. Org. Chem. 2009, 74, 8425. 
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mg, 0.12 mmol). The resulting solution was stirred for 36 h, and the mixture was 
concentrated and the residue was purified directly by column chromatography 
(hexane/ethyl acetate = 25:1) to afford 6i as a colorless oil (42 mg, 81 % yield). 
1H NMR (500 MHz, CDCl3) δ 0.95 (d, J = 6.3 Hz, 3H), 0.98 (d, J = 6.3 Hz, 3H), 1.01 (d, 
J = 6.9 Hz, 3H), 1.11 (s, 9H), 1.43 (s, 9H), 2.18-2.25 (m, 1H), 2.32-2.38 (m, 1H), 2.92 (s, 
3H), 3.85 (br, 1H), 4.04 (br, 1H), 4.24-4.26 (m, 1H), 6.72 (d, J = 8.9 Hz, 1H), 7.29-7.30 
(m, 3H), 7.34-7.35 (m, 6H), 7.38-7.41 (m, 5H), 7.46 (t, J = 6.9 Hz, 2H), 7.71 (d, J = 6.3 
Hz, 4H); 13C NMR (125 MHz, CDCl3) δ 18.40, 19.36, 19.91, 20.54 (rotamer), 25.46, 
26.56 (rotamer), 27.11, 28.34, 33.33 (d, J = 13.8 Hz), 51.20 (d, J = 14.6 Hz), 64.49, 
71.29, 79.97, 127.49, 127.67, 128.32 (d, J = 6.4 Hz), 128.59, 129.66 (d, J = 9.1 Hz), 
132.24, 132.38, 133.19, 133.35, 133.45, 134.09, 134.80, 136.00, 138.56 (d, J = 13.8 
Hz), 157.44, 169.96; 31P NMR (121 MHz, CDCl3) δ -23.37; HRMS (ESI) m/z calcd for 
C43H57N2O4PSi [M+H]+ = 725.3898, found = 725.3908. 
Preparation of N-methylated dipeptide-based phosphine 5-6j. 
 
(2R,3S)-4-(Diphenylphosphino)-3-(methylamino)butan-2-ol 5-6j-2 
To solution of amino phosphine 5-2-2 (49 mg, 0.18 mmol) and Et3N (50 L, 0.36 
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mmol) in dry CH2Cl2 (2 mL) at 0 oC was added slowly Boc2O, and the resulting 
mixture was stirred at room temperature for 2 h. Water (3 mL) was added and the 
organic layer was separated. The aqueous phase was extracted with CH2Cl2 (2 x 2 mL). 
The combined organic layers were washed with brine and dried over Na2SO4. Solvent 
was removed under reduced pressure, and the residue was purified by column 
chromatography on silica gel (hexane/ethyl acetate = 10:1 to 5:1) to afford carbamte 
intermediate (51 mg, 75% yield) as a colorless oil. To the solution of the carbamate 
intermediate in dry THF (10 mL) at 0 oC was added slowly LAH powder (30 mg, 0.81 
mmol), and the resulting mixture was refluxed for 72 h. After cooling down to room 
temperature and further to 0 oC, the reaction mixture was quenched by addition of water 
and NaOH (1 N) solution. The insoluble slurry was filtrated off and washed with ethyl 
acetate. The filtrate was collected and the organic phase was separated. The aqueous 
layer was extracted with ethyl acetate several times, and the combined organic layers 
were washed with brine and dried over Na2SO4. Solvent was removed under reduced 
pressure, and the residue was purified column chromatography on silica gel 
(hexane/ethyl acetate = 5:1 to 1:1) to afford N-methylated phosphine 5-6j-2 as a 
colorless oil (21 mg, 41% yield for two steps). 
1H NMR (500 MHz, CDCl3) δ 1.13 (d, J = 6.3 Hz, 3H), 2.13-2.17 (m, 1H), 2.29-2.39 
(m, 4H), 2.84 (br, 2H), 3.59-3.64 (m, 1H), 7.32-7.36 (m, 6H), 7.41-7.50 (m, 4H); 13C 
NMR (125 MHz, CDCl3) δ 17.78, 30.03 (d, J = 13.7 Hz), 33.33 (d, J = 3.7 Hz), 62.59 (d, 
J = 11.9 Hz), 68.74 (d, J = 9.1 Hz), 128.46, 128.51, 128.57, 128.63 (d, J = 2.7 Hz), 
128.99, 132.45, 132.60, 132.92, 133.07, 137.73 (d, J = 11.9 Hz), 138.68 (d, J = 12.3 Hz); 
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31P NMR (121 MHz, CDCl3) δ -23.7; HRMS (ESI) m/z calcd for C17H22NOP [M+H]+ = 
288.1512, found = 288.1524. 
(2S,3R)-3-((tert-Butyldiphenylsilyl)oxy)-1-(diphenylphosphino)-N-methylbutan-2-am
ine 5-6j-3 
To a solution of 5-6j-2 (17 mg, 0.06 mmol) in dry DMF (14 L, 0.18 mmol) at 
room temperature under N2 was added imidazole (12 mg, 0.18 mmol) and 
tert-butyldiphenylsilyl chloride (19 mg, 0.07 mmol). The solution was stirred for 36 h, 
and the mixture was concentrated and purified directly by column chromatography 
(hexane/ethyl acetate = 25:1) to afford 5-6j-3 as a colorless oil (24 mg, 78 % yield). 
1H NMR (500 MHz, CDCl3) δ 1.02 (s, 9H), 1.04 (d, J = 6.2 Hz, 3H), 1.86-1.94 (m, 1H), 
2.07 (s, 3H), 2.36-2.41 (m, 1H), 2.59-2.63 (m, 1H), 3.98-4.01 (m, 1H), 7.24-7.27 (m, 
2H), 7.30-7.34 (m, 8H), 7.39-7.40 (m, 2H), 7.47 (t, J = 7.0 Hz, 2H), 7.57 (dd, J = 1.9 Hz, 
8.1 Hz, 2H), 7.60 (dd, J = 1.9 Hz, 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 17.09, 
19.25, 27.08, 28.80 (d, J = 10.9 Hz), 62.06 (d, J = 12.8 Hz), 69.38 (d, J = 6.4 Hz), 
127.46 (d, J = 7.3 Hz), 128.29, 128.35, 128.40, 128.43, 128.80, 129.53, 132.44 (d, J = 
18.2 Hz), 133.37, 133.53, 134.27, 135.93 (d, J = 9.1 Hz), 137.89, 139.50; 31P NMR 
(121 MHz, CDCl3) δ -21.5; HRMS (ESI) m/z calcd for C33H40NOPSi [M+H]+ = 
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To a solution of L-N-Boc-valine (8.7 mg, 0.04 mmol) in dry CH2Cl2 (0.5 mL) at 
0 oC under argon was added HOBt (6.5 mg, 0.048 mmol), N,N-diisopropylethylamine 
(8.3 L, 0.048 mmol) and EDCI (7.5 mg, 0.048 mmol). After stirring for 10 min, 
amine 5-6j-3 (21 mg, 0.04 mmol) in dry CH2Cl2 (0.5 mL) was introduced at the same 
temperature. The stirring was continued at 0 oC for 1 h and then at room temperature 
overnight. The mixture was diluted with CH2Cl2, washed with saturated aqueous 
NH4Cl solution, and the organic layer was dried over Na2SO4. Solvent was removed 
under reduced pressure, and the residue was purified by column chromatography on 
silica gel (hexane/ethyl acetate = 25:1 to 10:1) to afford 5-6j as a colorless oil (21 mg, 
75% yield). 
1H NMR (500 MHz, d6-DMSO) δ 0.81-0.82 (m, 6H), 0.83-0.88 (m, 3H), 0.96 & 0.98 (s, 
rotamers, 9H), 1.34 & 1.41 (s, rotamers, 9H), 1.93-2.00 (m, 1H), 2.33-2.40 (m, 1H), 
2.86 & 3.14 (s,romaters, 3H), 4.08 (m, 1H), 4.25-4.28 (m, 1H), 4.44 (m, 1H), 6.52 (m, 
1H), 7.26-7.34 (m, 8H), 7.38-7.50 (m, 8H), 7.61-7.63 (m, 4H); 31P NMR (121 MHz, 
CDCl3) δ -24.01 & -22.83 (rotamers); HRMS (ESI) m/z calcd for C43H57N2O4PSi 
[M+H]+ = 725.3898, found = 725.3905. 



















To a flame-dried round bottle flask with a magnetic stirring bar under Ar were 
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added catalyst 5-2e (3.8 mg, 0.005 mmol) and alkene 5-3a (7.7 mg, 0.05 mmol), 
followed by the addition of dry THF (0.5 mL). After the mixture was stirred for 1 min, 
the allenoate 5-4a (16 L, 0.075 mmol) was added. The flask was sealed, and the 
reaction was stirred at room temperature for 24 hrs. THF was removed under reduced 
pressure, and the residue was purified by column chromatography on silica gel 
(hexane/ethyl acetate = 25:1 to 15:1) to afford 5-5a (16.8 mg, 92% yield) as a white 
solid.  
 
To a flame-dried round bottle flask with a magnetic stirring bar at room 
temperature under argon were added catalyst 5-6b (1.1 mg, 0.0015 mmol, in toluene), 
4 Å molecular sieves (30 mg) and dicyanoalkene 5-7a (15.8 mg, 0.05 mmol), 
followed by the addition of anhydrous toluene (1.5 mL). After the mixture was stirred 
for 2 minutes, the allenoate 5-4a (9.5 L, 0.045 mmol) was then added. The flask was 
sealed, and the reaction was stirred at room temperature for 3 hrs. Toluene was then 
removed under the reduced pressure, and the residue was purified by column 
chromatography on silica gel (hexane/ethyl acetate = 15:1 to 10:1) to afford 5-8a as a 
white solid (13.6 mg, 91% yield). 
5.4.4 Analytical Data of the [4+2] Annulation Products 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-phenylcyclohex-2-ene-1,2-dicarboxylate 
5-5a 
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A white solid; []25D = -90.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.66-2.73 (m, 1H), 3.03-3.11 (m, 1H), 3.25 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.86 (s, 
3H), 4.15-4.16 (m, 1H), 7.17-7.19 (m, 1H), 7.43-7.49 (m, 5H); 13C NMR (125 MHz, 
CDCl3) δ 27.92, 28.66, 41.15, 46.75, 51.36, 53.18, 82.45, 111.64, 113.36, 126.74, 
128.45, 129.21, 129.64, 135.17, 138.43, 163.56, 168.00; HRMS (ESI) m/z calcd for 
C21H22N2O4 [M+Na]+ = 389.1472, found = 389.1460; The ee value was 98%, tR (major) 
= 25.3 min, tR (minor) = 9.2 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 








A white solid; []25D = -61.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.68-2.74 (m, 1H), 3.03-3.11 (m, 1H), 3.33 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.88 (s, 
3H), 4.17-4.18 (m, 1H), 7.17-7.19 (m, 1H), 7.61 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.2 Hz, 
2H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.45, 40.72, 46.44, 51.20, 53.31, 82.67, 
111.36, 113.09, 126.24 (q, J = 3.7 Hz), 126.90, 129.01, 131.76, 132.03, 137.75, 139.03, 
163.38, 167.78; HRMS (ESI) m/z calcd for C22H21F3N2O4 [M+Na]+ = 457.1346, found 
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= 457.1347; The ee value was 93%, tR (major) = 19.3 min, tR (minor) = 13.1 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(4-ethylphenyl)cyclohex-2-ene-1,2- 
dicarboxylate 5-5c 
 
A white solid; []25D = -95.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.25 (t, J 
= 7.6 Hz, 3H), 1.49 (s, 9H), 2.64-2.70 (m, 3H), 3.02-3.09 (m, 1H), 3.22 (dd, J = 4.4 Hz, 
12.0 Hz, 1H), 3.86 (s, 3H), 4.13-4.15 (m, 1H), 7.17-7.19 (m, 1H), 7.26 (d, J = 8.2 Hz, 
2H), 7.38 (d, J = 8.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 15.23, 27.91, 28.48, 
28.66, 41.28, 46.40, 51.30, 53.18, 82.41, 111.69, 113.46, 126.63, 128.38, 128.65, 
132.30, 138.62, 145.81, 163.59, 168.08; HRMS (ESI) m/z calcd for C23H26N2O4 
[M+Na]+ = 417.1785, found = 417.1796; The ee value was 98%, tR (major) = 9.9 min, tR 
(minor) = 7.6 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 
mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(4-methoxyphenyl)cyclohex-2-ene-1,2- 
dicarboxylate 5-5d 
 
A white solid; []25D = -85.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.48 (s, 
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9H), 2.63-2.69 (m, 1H), 2.99-3.07 (m, 1H), 3.21 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.83 (s, 
3H), 3.86 (s, 3H), 4.13-4.14 (m, 1H), 6.95 (d, J = 8.8 Hz, 2H), 7.16-7.18 (m, 1H), 7.39 
(d, J = 8.8 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.71, 41.51, 46.06, 51.24, 
53.19, 55.31, 82.42, 111.71, 113.52, 114.52, 126.63, 127.00, 129.64, 138.62, 160.45, 
163.58, 168.08; HRMS (ESI) m/z calcd for C22H24N2O5 [M+Na]+ = 419.1577, found = 
419.1596; The ee value was 95%, tR (major) = 13.2 min, tR (minor) = 11.2 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 









A white solid; []25D = -82.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.65-2.71 (m, 1H), 2.98-3.06 (m, 1H), 3.25 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.14-4.15 (m, 1H), 7.12-7.17 (m, 3H), 7.45-7.48 (m, 2H); 13C NMR (125 MHz, 
CDCl3) δ 27.91, 28.70, 41.23, 46.04, 51.22, 53.24, 82.55, 111.53, 113.31, 116.30 (d, J = 
21.9 Hz), 126.80, 130.28 (d, J = 8.2 Hz), 130.96 (d, J = 3.7 Hz), 138.13, 163.37 (d, J = 
247.8 Hz), 163.48, 167.91; HRMS (ESI) m/z calcd for C21H21FN2O4 [M+Na]+ = 
407.1378, found = 407.1388; The ee value was 95%, tR (major) = 19.5 min, tR (minor) = 
14.8 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min).  
(1S,5R)-2-tert-Butyl 1-methyl 5-(4-bromophenyl)-6,6-dicyanocyclohex-2-ene-1,2- 
dicarboxylate 5-5f 
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A colorless oil; []25D = -18.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.64-2.71 (m, 1H), 2.98-3.05 (m, 1H), 3.22 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.13-4.15 (m, 1H), 7.15-7.17 (m, 1H), 7.35(d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.9 Hz, 
2H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.49, 40.92, 46.23, 51.21, 53.27, 82.59, 
111.45, 113.23, 123.98, 126.83, 130.07, 132.46, 134.11, 137.99, 163.43, 167.85; 
HRMS (ESI) m/z calcd for C21H2179BrN2O4 [M+Na]+ = 467.0577, found = 467.0577; 
HRMS (ESI) m/z calcd for C21H2181BrN2O4 [M+Na]+ = 469.0556, found = 469.0563; 
The ee value was 95%, tR (major) = 29.0 min, tR (minor) = 18.7 min (Chiralcel OD-H, λ 
= 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 5-(3-chlorophenyl)-6,6-dicyanocyclohex-2-ene-1,2- 
dicarboxylate 5-5g 
 
A white solid; []25D = -66.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.65-2.71 (m, 1H), 2.98-3.05 (m, 1H), 3.20 (dd, J = 4.5 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.13-4.15 (m, 1H), 7.15-7.17 (m, 1H), 7.32 (t, J = 7.9 Hz, 1H), 7.43 (d, J = 8.2 Hz, 
1H), 7.57-7.60 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.60, 40.80, 46.28, 
51.25, 53.30, 82.61, 111.35, 113.09, 123.20, 126.82, 127.06, 130.77, 131.53, 132.89, 
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137.35, 137.96, 163.42, 167.83; HRMS (ESI) m/z calcd for C21H21ClN2O4 [M+Na]+ = 
423.1082, found = 423.1088; The ee value was 99%, tR (major) = 61.9 min, tR (minor) = 
20.7 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 








A colorless oil; []25D = -97.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.66-2.72 (m, 1H), 2.98-3.06 (m, 1H), 3.22 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.08-4.10 (m, 1H), 6.43 (dd, J = 1.9 Hz, 3.2 Hz, 1H), 6.54 (d, J = 3.8 Hz, 1H), 
7.12-7.14 (m, 1H), 7.49 (d, J = 1.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.43, 
27.91, 39.86, 40.64, 50.31, 53.26, 82.55, 109.89, 110.88, 111.21, 113.27, 126.69, 
137.62, 143.72, 148.58. 163.41, 167.78; HRMS (ESI) m/z calcd for C21H2179BrN2O4 
[M+Na]+ = 467.0577, found = 467.0577; HRMS (ESI) m/z calcd for C21H2181BrN2O4 
[M+Na]+ = 469.0556, found = 469.0563; The ee value was 99%, tR (major) = 45.8 min, 
tR (minor) = 16.5 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 
1.0 mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-m-tolylcyclohex-2-ene-1,2-dicarboxylate 
5-5i 
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A white solid; []25D = -106.9 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.39-2.71 (m, 1H), 3.01-3.09 (m, 1H), 3.20 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.13-4.15 (m, 1H), 7.17-7.19 (m, 1H), 7.23-7.27 (m, 3H), 7.31-7.34 (m, 1H); 13C 
NMR (125 MHz, CDCl3) δ 21.48, 27.91, 28.74, 41.10, 46.69, 51.41, 53.20, 82.44, 
111.66, 113.36, 125.49, 126.67, 129.01, 129.06, 130.39, 135.12, 138.60, 138.99, 
163.58, 168.06; HRMS (ESI) m/z calcd for C22H24N2O4 [M+Na]+ = 403.1628, found = 
403.1632; The ee value was 98%, tR (major) = 11.4 min, tR (minor) = 7.4 min (Chiralcel 
OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
 
(1S,5S)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(2-fluorophenyl)cyclohex-2-ene-1,2- 
dicarboxylate 5-5j 
 
A white solid; []25D = -71.7 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.61-2.67 (m, 1H), 2.99-3.06 (m, 1H), 3.83 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.88 (s, 
3H), 4.18-4.20 (m, 1H), 7.16-7.20 (m, 2H), 7.25-7.28 (m, 1H), 7.42 (dt, J = 1.9 Hz, 7.9 
Hz, 1H), 7.63-7.66 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 27.91, 37.84, 37.87, 40.35, 
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51.22, 53.24, 82.55, 111.63, 112.87, 116.11 (d, J = 21.7 Hz), 122.66 (d, J = 12.8 Hz), 
125.05 (d, J = 3.6 Hz), 126.90, 127.67 (d, J = 2.7 Hz), 131.11 (d, J = 9.1 Hz), 138.31, 
160.66 (d, J = 246.9 Hz), 163.43, 167.95; HRMS (ESI) m/z calcd for C21H21FN2O4 
[M+Na]+ = 407.1378, found = 407.1383; The ee value was 95%, tR (major) = 16.5 min, 
tR (minor) = 10.8 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 
1.0 mL/min). 






A white solid; []25D = -80.7 (c, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 9H), 
2.44-2.64 (m, 1H), 2.99-3.06 (m, 1H), 3.64 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.88 (s, 3H), 
4.16-4.17 (m, 1H), 7.19-7.20 (m, 1H), 7.27-7.33 (m, 3H), 7.64-7.65 (m, 1H); 13C NMR 
(125 MHz, CDCl3) δ 20.09, 27.91, 29.30, 40.45, 41.23, 51.93, 53.21, 82.48, 111.83, 
113.16, 126.12, 126.80, 127.14, 129.10, 131.40, 133.79, 136.90, 139.07, 163.62, 
167.97; HRMS (ESI) m/z calcd for C22H24N2O4 [M+Na]+ = 403.1628, found = 
403.1624; The ee value was 99%, tR (major) = 28.6 min, tR (minor) = 14.2 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(2-ethynylphenyl)cyclohex-2-ene-1,2- 
dicarboxylate 5-5l 
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A white solid; []25D = -182.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.65-2.73 (m, 1H), 2.93-3.03 (m, 1H), 3.41 (s, 1H), 3.88 (s, 3H), 4.12-4.17 (m, 
2H), 7.17-7.19 (m, 1H), 7.39 (td, J = 2.6 Hz, 1.3 Hz, 1H), 7.47 (td, J = 2.6 Hz, 1.3 Hz, 
1H), 7.63 (d, J = 8.2 Hz, 1H), 7.71 (td, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.93, 29.06, 40.24, 43.00, 51.68, 53.20, 80.96, 82.54, 83.71, 111.86, 112.68, 123.36, 
126.04, 126.97, 129.08, 129.86, 133.80, 137.43, 138.72, 163.60, 167.98; HRMS (ESI) 
m/z calcd for C23H22N2O4 [M+Na]+ = 413.1472, found = 413.1478; The ee value was 
91%, tR (major) = 14.7 min, tR (minor) = 8.1 min (Chiralcel OD-H, λ = 220 nm, 30% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5S)-2-tert-Butyl 1-methyl 5-(2-chlorophenyl)-6,6-dicyanocyclohex-2-ene-1,2- 
dicarboxylate 5-5m 
 
A white solid; []25D = -47.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.63-2.69 (m, 1H), 2.92-2.99 (m, 1H), 3.88 (s, 3H), 4.10 (dd, J = 4.4 Hz, 12.0 Hz, 
1H), 4.19-4.20 (m, 1H), 7.17-7.19 (m, 1H), 7.35-7.42 (m, 2H), 7.50-7.52 (m, 1H), 7.73 
(dd, J = 1.3 Hz, 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.90, 39.95, 41.43, 
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51.60, 53.24, 82.57, 111.75, 112.55, 127.00, 127.67, 130.45, 130.48, 133.08, 134.97, 
138.51, 163.45, 167.90; HRMS (ESI) m/z calcd for C21H21ClN2O4 [M+Na]+ = 423.1082, 
found = 423.1085; The ee value was 98%, tR (major) = 17.3 min, tR (minor) = 9.5 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 








A white solid; []25D = -93.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.57-2.71 (m, 1H), 2.95-3.03 (m, 1H), 3.21 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.88 (s, 
3H), 4.13-4.14 (m, 1H), 7.15-7.16 (m, 1H), 7.34 (d, J = 1.9 Hz, 8.2 Hz, 1H), 7.52-7.56 
(m, 2H); 13C NMR (125 MHz, CDCl3) δ 27.91, 28.50, 40.72, 45.85, 51.15, 53.36, 82.70, 
111.24, 113.04, 126.90, 127.66, 130.47, 131.25, 133.56, 134.22, 135.20, 137.65, 
163.34, 167.73; HRMS (ESI) m/z calcd for C21H20Cl2N2O4 [M+Na]+ =457.0692, found 
= 457.0706; The ee value was 98%, tR (major) = 27.0 min, tR (minor) = 16.9 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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A colorless oil; []25D = -26.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.48 (s, 
9H), 2.71-2.78 (m, 1H), 2.97-3.05 (m, 1H), 3.49 (dd, J = 4.5 Hz, 12.0 Hz, 1H), 3.86 (s, 
3H), 4.08-4.10 (m, 1H), 6.43 (dd, J = 1.9 Hz, 3.2 Hz, 1H), 6.54 (d, J = 3.8 Hz, 1H), 
7.12-7.14 (m, 1H), 7.49 (d, J = 1.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.43, 
27.91, 39.86, 40.64, 50.31, 53.26, 82.55, 109.89, 110.88, 111.21, 113.27, 126.69, 
137.62, 143.72, 148.58. 163.41, 167.78; HRMS (ESI) m/z calcd for C19H20N2O5 
[M+Na]+ = 379.1264, found = 379.1271; The ee value was 93%, tR (major) = 22.3 min, 
tR (minor) = 13.3 min (Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 
1.0 mL/min). 
(1S,5S)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(thiophen-2-yl)cyclohex-2-ene-1,2- 
dicarboxylate 5-5p 
 
A colorless oil; []25D = -44.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.48 (s, 
9H), 2.80-2.87 (m, 1H), 2.96-3.054 (m, 1H), 3.60 (dd, J = 4.5 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.13-4.14 (m, 1H), 7.09 (t, J = 3.8 Hz,  1H), 7.13-7.14 (m, 1H), 7.28 (d, J = 3.2 Hz, 
1H), 7.38 (d, J = 5.7 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.90, 30.56, 42.04, 
42.46, 50.90, 53.27, 82.57, 111.38, 113.34, 126.47, 126.84, 127.45, 127.87, 137.15, 
137.86, 163.41, 167.87; HRMS (ESI) m/z calcd for C19H20N2O4S [M+Na]+ = 395.1036, 
found = 395.1040; The ee value was 97%, tR (major) = 23.4 min, tR (minor) = 11.0 min 
(Chiralcel OD-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1S,5R)-2-tert-Butyl 1-methyl 6,6-dicyano-5-(naphthalen-2-yl)cyclohex-2-ene-1,2- 
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A white solid; []25D = -105.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.73-2.80 (m, 1H), 3.16-3.24 (m, 1H), 3.42 (dd, J = 4.4 Hz, 12.0 Hz, 1H), 3.87 (s, 
3H), 4.20-4.21 (m, 1H), 7.22 (d, J = 6.3 Hz, 1H), 7.53-7.58 (m, 3H), 7.86-7.91 (m, 2H), 
7.92 (d, J = 8.8 Hz, 1H), 7.95 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 27.93, 28.85, 
41.13, 46.87, 51.42, 53.24, 82.50, 111.70, 113.37, 125.58, 126.76, 126.98, 127.72, 
128.05, 128.29, 129.12, 132.54, 133.16, 133.66, 138.50, 163.58, 168.02; HRMS (ESI) 
m/z calcd for C25H24N2O4 [M+Na]+ = 439.1628, found = 439.1636; The ee value was 
97%, tR (major) = 34.2 min, tR (minor) = 16.3 min (Chiralcel OD-H, λ = 220 nm, 30% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 










A white solid; []25D =+140.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.51 (s, 
9H), 2.62-2.67 (m, 1H), 3.13 (dt, J = 2.6 Hz, 20.2 Hz, 1H), 3.89 (s, 3H), 4.82 (s, 1H), 
4.84 (d, J = 15.8 Hz, 1H), 5.02 (d, J = 15.8 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 7.04-7.06 
(m, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.28-7.37 (m, 6H), 7.79 (d, J = 7.6 Hz, 1H); 13C NMR 
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(125 MHz, CDCl3) δ 27.96, 31.33, 40.63, 44.43, 46.90, 48.92, 53.17, 82.43, 110.24, 
111.62, 111.70, 124.06, 124.43, 125.60, 127.25, 127.81, 128.06, 129.00, 131.11, 133.96, 
134.50, 142.67, 163.30, 168.59, 172.61; HRMS (ESI) m/z calcd for C29H27N3O5 
[M+Na]+ = 520.1843, found = 520.1829; The ee value was 93%, tR (major) = 9.0 min, tR 
(minor) = 20.4 min (Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 
mL/min). 
(1R,5R)-4-tert-Butyl 5-methyl 1'-benzyl-5'-bromo-6,6-dicyano-2'-oxospiro[cyclohex 
[3]ene-1,3'-indoline]-4,5-dicarboxylate 5-8b 
 
A white solid; []25D = +140.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.62-2.67 (m, 1H), 3.09 (dt, J = 3.2 Hz, 20.2 Hz, 1H), 3.90 (s, 3H), 4.78-4.80 (m, 
1H), 4.83 (d, J = 15.8 Hz, 1H), 4.99 (d, J = 15.8 Hz, 1H), 6.70 (d, J = 8.2 Hz, 1H), 
7.02-7.04 (m, 1H), 7.28-7.35 (m, 5H), 7.47 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 7.88 (d, J = 1.9 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.94, 31.25, 40.37, 44.51, 46.84, 49.00, 
53.24, 82.55, 111.29, 111.50, 111.70, 116.76, 127.19, 127.49, 127.65, 127.88, 128.24, 
129.09, 133.43, 133.97, 134.13, 141.68, 163.17, 168.35, 171.99; HRMS (ESI) m/z 
calcd for C29H2679BrN3O5 [M+Na]+ = 598.0948, found = 598.0926; HRMS (ESI) m/z 
calcd for C29H2681BrN3O5 [M+Na]+ = 600.0933, found = 600.0906; The ee value was 
90%, tR (major) = 9.1 min, tR (minor) = 15.1 min (Chiralcel IA-H, λ = 254 nm, 30% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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A white solid; []25D = +124.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.63-2.69 (m, 1H), 3.06-3.11 (m, 1H), 3.90 (s, 3H), 4.81-4.82 (m, 1H), 4.84 (d, J = 
15.8 Hz, 1H), 5.02 (d, J = 15.8 Hz, 1H), 6.75-6.78 (m, 1H), 7.02-7.08 (m, 2H), 
7.28-7.35 (m, 5H), 7.56 (dd, J = 2.6 Hz, 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.95, 31.29, 40.40, 44.57, 46.83, 49.17, 53.22, 82.54, 111.11 (d, J = 8.2 Hz), 111.38, 
111.52, 112.83 (d, J = 26.4 Hz), 117.70 (d, J = 23.8 Hz), 127.02 (d, J = 7.3 Hz), 127.21, 
127.90, 128.19, 129.08, 133.49, 134.14, 138.61, 159.55 (d, J = 242.3 Hz), 163.18, 
168.41, 172.28; HRMS (ESI) m/z calcd for C29H26FN3O5 [M+Na]+ = 538.1749, found = 
538.1729; The ee value was 91%, tR (major) = 8.1 min, tR (minor) = 12.8 min (Chiralcel 
IA-H, λ = 254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 










A white solid; []25D = +170.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.62-2.68 (m, 1H), 3.10 (dt, J = 3.2 Hz, 20.2 Hz, 1H), 3.90 (s, 3H), 4.79-4.80 (m, 
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1H), 4.84 (d, J = 15.8 Hz, 1H), 5.00 (d, J = 15.8 Hz, 1H), 6.75 (d, J = 8.2 Hz, 1H), 
7.02-7.04 (m, 1H), 7.28-7.36 (m, 6H), 7.76 (d, J = 1.9 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.94, 31.24, 40.33, 44.53, 46.82, 49.04, 53.27, 82.56, 111.27, 111.49, 124.95, 
127.12, 127.19, 127.84, 128.24, 128.97, 129.09, 129.64, 131.21, 133.48, 133.98, 
141.15, 163.17, 168.39, 170.09; HRMS (ESI) m/z calcd for C29H26ClN3O5 [M+Na]+ = 
554.1453, found = 554.1433; The ee value was 91%, tR (major) = 9.1 min, tR (minor) = 
14.1 min (Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1R,5R)-4-tert-Butyl 5-methyl 1'-benzyl-6,6-dicyano-5'-methyl-2'-oxospiro[cyclohex 
[3]ene-1,3'-indoline]-4,5-dicarboxylate 5-8e 
 
A white solid; []25D = +127.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.36 (s, 3H), 2.60-2.65 (m, 1H), 3.11 (dt, J = 3.2 Hz, 20.2 Hz, 1H), 3.89 (s, 3H), 
4.83 (s, 1H), 4.84 (d, J = 15.8 Hz, 1H), 4.99 (d, J = 15.8 Hz, 1H), 6.72 (d, J = 8.2 Hz, 
1H), 7.04-7.06 (m, 1H), 7.14 (d, J = 7.6 Hz, 1H), 7.27-7.34 (m, 5H), 7.58 (s, 1H); 13C 
NMR (125 MHz, CDCl3) δ 21.24, 27.94, 31.37, 40.60, 44.37, 46.90, 48.91, 53.19, 
82.41, 109.99, 111.59, 111.74, 125.02, 125.54, 127.20, 127.73, 127.99, 128.95, 131.46, 
133.93, 134.15, 134.58, 140.15, 163.31, 168.68, 172.52; HRMS (ESI) m/z calcd for 
C30H29N3O5 [M+Na]+ = 534.1999, found = 534.1997; The ee value was 91%, tR (major) 
= 9.7 min, tR (minor) = 19.5 min (Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
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A white solid; []25D = +127.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.62-2.67 (m, 1H), 3.07-3.12 (m, 1H), 3.79 (s, 3H), 3.89 (s, 3H), 4.83-4.84 (m, 
1H), 4.84 (d, J = 15.8 Hz, 1H), 5.00 (d, J = 15.8 Hz, 1H), 6.72 (d, J = 8.2 Hz, 1H), 
6.85-6.87 (m, 1H), 7.03-7.05 (m, 1H), 7.28-7.33 (m, 5H), 7.39 (d, J = 7.6 Hz, 1H); 13C 
NMR (125 MHz, CDCl3) δ 27.98, 31.45, 40.65, 44.45, 46.96, 49.22, 53.13, 55.91, 
82.41, 110.86, 111.51, 111.60, 111.73, 115.83, 126.73, 127.25, 127.87, 128.02, 128.98, 
133.93, 134.62, 135.82, 156.86, 163.30, 168.59, 172.34; HRMS (ESI) m/z calcd for 
C30H29N3O6 [M+Na]+ = 550.1949, found = 550.1934; The ee value was 91%, tR (major) 
= 8.7 min, tR (minor) = 20.1 min (Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 










A white solid; []25D = +154.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.50 (s, 
9H), 2.63 (dd, J = 5.7 Hz, 20.2 Hz, 1H), 3.07-3.11 (m, 1H), 3.89 (s, 3H), 4.79 (d, J = 6.9 
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Hz, 1H), 5.08 (s, 2H), 7.02-7.03 (m, 1H), 7.15-7.17 (m, 2H), 7.26-7.33 (m, 5H), 
7.59-7.61 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 27.94, 31.41, 40.50, 45.99 (d, J = 
4.6 Hz), 46.77, 49.07 (d, J = 1.8 Hz), 53.26, 82.55, 111.37, 111.43, 119.41 (d, J = 20.1 
Hz), 120.32 (d, J = 3.6 Hz), 124.87 (d, J = 6.4 Hz), 127.41, 127.79, 127.98, 128.27 (d, J 
= 2.7 Hz), 128.77, 129.58 (d, J = 9.1 Hz), 133.60, 135.72, 147.47 (d, J = 245.0 Hz), 
163.20, 168.46, 172.20; HRMS (ESI) m/z calcd for C29H26FN3O5 [M+Na]+ = 538.1749, 
found = 538.1727; The ee value was 93%, tR (major) = 7.9 min, tR (minor) = 17.3 min 
(Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(1R,5R)-4-tert-Butyl 5-methyl 1'-benzyl-7'-chloro-6,6-dicyano-2'-oxospiro[cyclohex 
[3]ene-1,3'-indoline]-4,5-dicarboxylate 5-8h 
 
A white solid; []25D = +208.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.49 (s, 
9H), 2.61-2.67 (m, 1H), 3.08-3.13 (m, 1H), 3.89 (s, 3H), 4.77 (d, J = 1.9 Hz, 1H), 5.35 
(d, J = 16.4 Hz, 1H), 5.41 (d, J = 16.4 Hz, 1H), 7.00-7.02 (m, 1H), 7.16 (t, J = 7.8 Hz, 
1H), 7.24-7.28 (m, 3H), 7.34-7.38 (m, 2H), 7.40 (d, J = 7.6 Hz, 1H), 7.76 (d, J = 7.6 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ 27.92, 31.69, 40.51, 45.66, 46.94, 48.45, 53.27, 
82.55, 111.45, 116.52, 122.99, 124.84, 126.29, 127.54, 127.86, 128.35, 128.75, 133.54, 
133.82, 136.24, 138.94, 163.15, 168.42, 173.06; HRMS (ESI) m/z calcd for 
C29H26ClN3O5 [M+Na]+ = 554.1453, found = 554.1433; The ee value was 92%, tR 
(major) = 8.6 min, tR (minor) = 14.0 min (Chiralcel IA-H, λ = 254 nm, 30% 
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i-PrOH/hexanes, flow rate = 1.0 mL/min). 









A white solid; []25D = +132.4 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.48 (s, 
9H), 2.27 (s, 3H), 2.34 (s, 3H), 2.61-2.66 (m, 1H), 3.09-3.14 (m, 1H), 3.89 (s, 3H), 
4.81-4.82 (m, 1H), 5.14 (d, J = 17.0 Hz, 1H), 5.20 (d, J = 17.0 Hz, 1H), 6.95 (s, 1H), 
7.02-7.04 (m, 1H), 7.19 (d, J = 7.6 Hz, 2H), 7.24-7.27 (m, 1H), 7.32 (t, J = 7.6 Hz, 2H), 
7.49 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 18.64, 20.93, 27.91, 31.95, 40.77, 45.62, 
47.13, 48.24, 53.16, 82.34, 111.61, 111.91, 120.56, 122.78, 125.51, 126.33, 127.50, 
127.78, 129.01, 133.78, 134.20, 135.65, 136.43, 138.30, 163.32, 168.68, 173.51; 
HRMS (ESI) m/z calcd for C31H31N3O5 [M+Na]+ = 548.2156, found = 548.2173; The 
ee value was 89%, tR (major) = 7.6 min, tR (minor) = 10.2 min (Chiralcel IA-H, λ = 254 
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A white solid; []25D =+150.1 (c 0.75, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.18 (s, 
9H), 2.72-2.77 (m, 1H), 3.22-3.27 (m, Hz, 1H), 4.94 (d, J = 15.2 Hz, 1H), 5.07 (d, J = 
15.8 Hz, 1H), 5.27 (s, 1H), 6.86 (d, J = 8.2 Hz, 1H), 7.13-7.17 (m, 1H), 7.19 (d, J = 7.6 
Hz, 1H), 7.31-7.37 (m, 6H), 7.65 (d, J = 7.6 Hz, 2H), 7.75 (d, J = 7.6 Hz, 1H), 8.30 (d, 
J = 8.8 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 27.66, 31.39, 44.44, 45.58, 46.05, 
49.37, 82.33, 110.31, 112.12, 112.22, 123.86, 124.16, 124.40, 125.83, 127.17, 128.11, 
129.04, 130.92, 131.10, 134.46, 134.98, 142.53, 143.37, 148.19, 163.67, 172.87; 
HRMS (ESI) m/z calcd for C33H28N4O5 [M+Na]+ = 583.1952, found = 583.1958; The 
ee value was 84%, tR (major) = 14.2 min, tR (minor) = 12.1 min (Chiralcel IA-H, λ = 




A white solid; []25D = +195.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.13 (s, 
9H), 2.74-2.79 (m, 1H), 3.22-3.28 (m, Hz, 1H), 4.86 (d, J = 15.2 Hz, 1H), 5.15 (d, J = 
15.2 Hz, 1H), 5.85 (dd, J = 1.9 Hz, 3.8 Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H), 7.10-7.12 (m, 
1H), 7.16 (t, J = 7.6 Hz, 1H), 7.29 (d, J = 7.0 Hz, 1H), 7.33 (d, J = 1.3 Hz, 1H), 
7.34-7.39 (m, 3H), 7.40 (d, J = 7.6 Hz, 2H), 7.51-7.55 (m, 1H), 7.65-7.69 (m, 2H), 7.73 
(d, J = 7.6 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.50, 
31.32, 43.52, 44.56, 45.2, 49.33, 82.21, 110.19, 111.40, 112.51, 115.38, 116.89, 123.89, 
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124.24, 125.83, 127.66, 128.08, 129.00, 129.18, 129.29, 131.07, 131.55, 132.95, 
133.42, 134.61, 134.99, 139.68, 142.69, 163.76, 172.71;; HRMS (ESI) m/z calcd for 
C34H28N4O3 [M+Na]+ = 563.2054, found = 563.2046; The ee value was 90%, tR (major) 
= 10.2 min, tR (minor) = 19.9 min (Chiralcel IA-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
5.4.5 X-Ray Crystallographic Analysis and Determination of Configurations of 
the [4+2] Products 
The absolute configuration of the product 5-5f (1R, 3S) was assigned by X‐ray 
crystallographic analysis of a single crystal of 5-5f (Figure 5.3). The configurations of 
other [4+2] products 5-5 were assigned by analogy. 
 
Figure 5.3 X-ray structure of 5-5f. 
Table 5.8.Crystal Data and Structure Refinement for b478. 
Identification code  b478 
Empirical formula  C21 H21 Br N2 O4 
Formula weight  445.31 
Temperature  223(2) K 
Wavelength  0.71073 Å 
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Crystal system  Monoclinic 
Space group  C2 
Unit cell dimensions a = 21.316(2) Å = 90°. 
b = 6.3205(6) Å = 112.859(2)°. 
 c = 17.4926(17) Å  = 90°. 
Volume 2171.6(4) Å3 
Z 4 
Density (calculated) 1.362 Mg/m3 
Absorption coefficient 1.920 mm-1 
F(000) 912 
Crystal size 0.60 x 0.20 x 0.10 mm3 
Theta range for data collection 1.26 to 27.50°. 
Index ranges -27<=h<=27, -8<=k<=8, -22<=l<=22 
Reflections collected 13985 
Independent reflections 4967 [R(int) = 0.0454] 
Completeness to theta = 27.50° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8312 and 0.3921 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4967 / 1 / 257 
Goodness-of-fit on F2 1.010 
Final R indices [I>2sigma(I)] R1 = 0.0479, wR2 = 0.1018 
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R indices (all data) R1 = 0.0884, wR2 = 0.1286 
Absolute structure parameter 0.024(11) 
Largest diff. peak and hole 0.362 and -0.328 e.Å-3 
The absolute configuration of the product 5-8d (1R, 5R) was assigned by X‐ray 
crystallographic analysis of a single crystal of 5-8d (Figure S2). The configurations of 
other [4+2] products 8 were assigned by analogy. 
 
Figure 5.4 X-ray structure of 5-8d. 
Table 5.9 Crystal Data and Structure Refinement for B286A. 
Identification code  b286a 
Empirical formula  C29 H26 Cl N3 O5 
Formula weight  531.98 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 9.5107(4) Å = 90°. 
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 b = 10.1897(5) Å = 90°. 
 c = 27.7823(13) Å  = 90°. 
Volume 2692.4(2) Å3 
Z 4 
Density (calculated) 1.312 Mg/m3 
Absorption coefficient 0.186 mm-1 
F(000) 1112 
Crystal size 0.60 x 0.60 x 0.12 mm3 
Theta range for data collection 1.47 to 27.49°. 
Index ranges -12<=h<=12, -12<=k<=13, -31<=l<=35 
Reflections collected 19080 
Independent reflections 6164 [R(int) = 0.0363] 
Completeness to theta = 27.49° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9781 and 0.8968 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6164 / 0 / 347 
Goodness-of-fit on F2 1.097 
Final R indices [I>2sigma(I)] R1 = 0.0466, wR2 = 0.1076 
R indices (all data) R1 = 0.0510, wR2 = 0.1099 
Absolute structure parameter 0.01(6) 
Largest diff. peak and hole 0.304 and -0.173 e.Å-3 
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Chapter 6 Highly Enantioselective 
Regiodivergent Allylic Alkylations of MBH 


















Phthalides were used for the first time in the allylic alkylation reactions with MBH carbonates for the 
creation of chiral 3,3-disubstituted phthalides. Highly enantioselective regiodivergent synthesis of 
-selective or-selective allylic alkylation products was achieved by employing bifunctional chiral 
phosphines or multifunctional tertiary aminethioureas as the catalyst, respectively. It was demonstrated 
that proper selection of catalysts and reaction conditions would differentiate an SN2’SN2’ pathway and 
an additionelimination process, yielding different regioisomers of the allylic alkylation products in a 
highly enantiomerically pure form. 
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6.1 Introduction 
Asymmetric allylic alkylation (AAA) is one of the most useful reactions in 
organic synthesis which allows easy access to chiral allylic intermediates. Approaches 
via transition metal catalysis have been intensively investigated and well-established 
for the AAA reaction.1 Alternatively, organocatalytic methods utilizing MBH adducts2 
as an electrophilic allylation reaction partner has recently emerged as a powerful 
strategy. Majority of reactions in this category made use of a cascade SN2’SN2’ 
pathway initiated by a nucleophilic phosphine3 or amine catalyst.4 On the other hand, 
the nucleophile can also attach to the -carbon, usually via an additionelimination 
pathway, leading to the formation of allylation products with different regioselectivity  
(Scheme 6.1). While vast majority of literature examples described the formation of 
-products, methods for the construction of -selective allylation products are scarce.5 
Given the high importance of the allylic alkylation products, versatile catalytic AAA 
reactions yielding different regioisomers are certainly very appealing and are of 
enormous synthetic value. 
 
Scheme 6.1 Regioselective allylic alkylation reactions of the MBH adducts 
                                                              
1 For reviews, see: (a) Pfaltz, A.; Lautens, M. In Comprehensive Asymmetric Catalysis; Jacobsen, N.; Pfaltz, A.; 
Yamamoto, H. Eds.; Springer: New York, 1999; Vol. 2, p 833. (b) Trost, B. M.; Crawley,  M. L. Chem. Rev. 2003, 
103, 2921. (c) Lu, Z.; Ma, S. Angew. Chem. Int. Ed. 2008, 47, 258. (d) Diéguez, M.; Pámies, O. Acc. Chem. Res. 
2010, 43, 312. 
2 See refs. 11 in Chapter 1. 
3 For examples of phosphine-catalyzed nucleophilic addition, see: (a) Jiang, Y.-Q.; Shi, Y.-L.; Shi, M. J. Am. Chem. 
Soc. 2008, 130, 7202. (b) Deng, H.-P.; Wei, Y.; Shi, M. Eur. J. Org. Chem. 2011, 1956. (c) Yang, Y.-L.; Pei, C.-K.; 
Shi, M. Org. Biomol. Chem. 2011, 9, 3349. (d) Cho, C.-W.; Kong, J.-R.; Krische, M. J. Org. Lett. 2004, 6, 1337. 
4 See refs. 53 in Chapter 1. 
5 Ramachandran, P. V.; Madhi, S.; Bland-Berry, L.; Reddy, M. V. R.; O’Donnell, M. J. J. Am. Chem. Soc. 2005, 127, 
13450. (b) Chen, G.-Y.; Zhong, F.; Lu, Y. Org. Lett. 2011, 13, 6070. 
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Figure 6.1 Selected examples of biologically important phthalides. 
Enantiomerically pure 3,3-disubstituted phthalides are attractive structural motifs 
due to their wide occurrence in natural products and biologically important 
molecules6 (Figure 6.1). However, asymmetric synthetic methods for phthalides with 
a 3-quaternary chiral center have met with limited success.7 In conjunction with our 
continuous efforts for the creation of quaternary chiral centers,8 we set out to explore 
the application of 3-substituted phthalides as a novel reaction partner with the MBH 
adducts in the AAA reaction. Herein, we document highly enantioselective and 
regiodivergent allylic alkylations of phthalides with the MBH carbonates, via either 
                                                             
6 (a) Beck, J. J.; Chou, S.-C. J. Nat. Prod. 2007, 70, 891. (b) Xiong, M. J.; Li, Z. H. Curr. Org. Chem. 2007, 11, 833. 
(c) Tayone, W. C.; Honma, M.; Kanamaru, S.; Noguchi, S.; Tanaka, K.; Nehira, T.; Hashimoto, M.; J. Nat. Prod. 
2011, 74, 425. (d) Tymiak, A. A.; Aklonis, C.; Bolgar, M. S.; Kahle, A. D.; Kirsch, D. R.; O’Sullivan, J.; Porubcan, 
M. A.; Principe, P.; Trejo, W. H.; Ax, H. A.; Wells, J. S.; Andersen, N. H.; Devasthale, P. V.; Telikepalli, H.; 
Vander Velde, D.; Zou, J.-Y.; Mitscher, L. A. J. Org. Chem. 1993, 58, 535. (e) Baba, Y.; Ogoshi, Y.; Hirai, G.; 
Yanagisawa, T.; Nagamatsu, K.; Mayumi, S.; Hashimoto, Y.; Sodeoka, M.; Bioorg. Med. Chem. Lett. 2004, 14, 
2963. (f) Williams, D. J.; Thoms, R. Tetrahedron Lett. 1973, 9, 639. (g) Ogino, Y.; Ohtake, N.; Nagae, Y.; Matsuda, 
K.; Ishikawa, M.; Moriya, M.; Kanesaka, M.; Mitobe, Y.; Ito, J.; Kanno, T.; Ishihara, A.; Iwaasa, H.; Ohe, T.; 
Kanatani, A.; Fukami, T. Bioorg. Med. Chem. Lett. 2008, 18, 4997. (h) Abdel-Mageed W. M, Milne B. F, Wagner 
M, Schumacher M, Sandor P, Pathom-aree W, Goodfellow M, Bull A. T, Horikoshi K, Ebel R, Diederich M, 
Fiedler H.-P, Jaspars M. Org. Biomol. Chem., 2010, 8, 2352. 
7 Tanaka, K.; Osaka, T.; Noguchi, K.; Hirano, M. Org. Lett. 2007, 9, 1307. 
8 For our recent examples of creation of quaternary stereocenters, see: (a) Wang, H.; Luo, J.; Han, X.; Lu, Y. Adv. 
Synth. Catal. 2011, 353, 2971. (b) Zhong, F.; Chen, G.-Y.; Lu, Y. Org. Lett. 2011, 13, 82. (c) Liu, C.; Zhu, Q.; 
Huang, K.-W.; Lu, Y. Org. Lett. 2011, 11, 2638. (d) Zhu, Q.; Lu, Y. Angew. Chem. Int. Ed. 2010, 49, 7753. (e) Jiang, 
Z.; Lu, Y. Tetrahedron Lett. 2010, 51, 1884. (f) Zhu, Q.; Lu, Y. Chem. Commun. 2010, 46, 2235. (g) Han, X.; Luo, 
J.; Liu, C.; Lu, Y. Chem. Commun. 2009, 2044. (h) Luo, J.; Xu, L.-W.; Hay, R. A. S.; Lu, Y. Org. Lett. 2009, 11, 
437. (i) Han, X.; Kwiatkowski, J.; Xue, F.; Huang, K.-W.; Lu, Y. Angew. Chem. Int. Ed. 2009, 48, 7604. (j) Han, X.; 
Zhong, F.; Lu, Y. Adv. Synth. Catal. 2010, 352, 2778; (k) Luo, J.; Wang, H.; Han, X.; Xu, L.-W.; Kwiatkowski, J.; 
Huang, K.-W.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 1861. (l) Luo, J.; Wang, H.; Zhong, F.; Kwiatkowski, J.; Xu, 
L.-W.; Lu, Y. Chem. Commun. 2012, 48, 4707 
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Lewis base or Brønsted base-catalyzed reaction pathway. 
6.2 Results and Discussion 
6.2.1 -Selective Asymmetric Allylic Alkylation of Phthalides 
We initiated our studies by examining the allylation reaction of MBH carbonates 
6-2, using 3-carboxylate phthalide 6-1a as a prenucleophile. In order to selectively 
form the -selective allylic alkylation products, we reasoned nucleophilic phosphines 
might promote an SN2’-S2’ reaction sequence. We recently introduced a series of 
novel amino acid-derived chiral phosphines9 in asymmetric catalysis. Our amino 
acid-based phosphines were found to be very powerful in a number of 
enantioselective organic transformations, including: MBH reaction, 10 a aza-MBH 
reaction,10b [3+2] cycloaddition of allenoates with acrylates,10c imines,10d 
maleimide10e and acrylamides,10f [4+2] annulation of allenoates with olefins10g as well 
as [3+2] annulation using MBH adducts as a C3 synthon.10h The phosphine functional 
groups in these catalysts were highly nucleophilic as they were connected to a 
primary carbon atom. The Brønsted acid moieties in the catalyst structures could be 
tuned easily to enable suitable interactions with substrates and thus contribute to the 
stereochemical control. Given their proven efficiency in asymmetric induction, we 
anticipated amino acid-based chiral phosphines may be very suitable for the projected 
enantioselective allylic alkylation of phthalides. The bifunctional phosphines 
                                                              
9 Wang, S.-X.; Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Synlett 2011, 2766. 
10 For examples reported by us, see: (a) Han, X.; Wang, Y.; Zhong, F.; Lu, Y. Org. Biomol. Chem. 2011, 9, 6734. (b) 
Zhong, F.; Wang, Y.; Han, X.; Huang, K.-W.; Lu, Y. Org. Lett. 2011, 13, 1310. (c) Han, X.; Wang, Y.; Zhong, F.; 
Lu, Y. J. Am. Chem. Soc. 2011, 133, 1726. (d) Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2012, 51, 
767. (e) Han, X.; Wang, S.-X.; Zhong, F.; Lu, Y. Synthesis 2011, 1859. (f) Zhao, Q.; Han, X.; Wei, Y.; Shi, M.; Lu. 
Y. Chem. Commun. 2012, 48, 970. (g) Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Chem. Sci. 2012, 3, 1231. (h) Zhong, F.; 
Han, X.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837. 
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6-5a: R = TBS; 6-5b: R = TBDPS





















Figure 6.2 Amino acid-derived chiral phosphines examined. 
All the phosphines examined were effective in promoting the reaction, affording 
the desired -selective products in excellent yields (Table 6.1). Among various 
Brønsted acid moieties investigated, thioureas were found superior in stereochemical 
controll (entries 1-4). Consistent with our previous findings, threonine-based catalysts 
proved to be privileged,11 offering further improvement in enantioselectivity. The 
sterically hindered silyloxy groups were generally effective, and TIPS protection led 
to the best results (entries 5-8). Notably, thiourea bearing a p-F-phenyl was slightly 
better than the thiourea with a 3,5-di-trifluoromethylphenyl group (entry 9). The ester 
moiety of the MBH carbonates also had influence on the reaction, and the ethyl ester 
gave the highest ee (entries 10-11). The reactions described proceeded rapidly to full 
conversion in 2 h, in contrast to much longer reaction times for the amine-catalyzed 
reactions.4 Under the optimized reaction conditions, -selective allylation product 
6-3a was obtained in 96% yield and with 98% ee in a diasteromericallly pure form. 
Table 6.1 Asymmetric Allylic Alkylation of MBH Carbonates 6-2 with Phthalide 6-1a 
                                                             
11  See refs. 16 in Chapter 5. 
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Catalyzed by Bifunctional Phosphines 
 
entry cat. 6-2 d.r.b yield (%)c ee (%)d 
1 6-4a 6-2a >99:1 94 25 
2 6-4b 6-2a >99:1 90 20 
3 6-4c 6-2a >99:1 91 3 
4 6-4d 6-2a >99:1 94 87 
5 6-5a 6-2a >99:1 92 96 
6 6-5b 6-2a >99:1 90 95 
7 6-5c 6-2a >99:1 92 97 
8 6-5d 6-2a >99:1 93 96 
9 6-5e 6-2a >99:1 91 94 
10 6-5c 6-2b >99:1 96 98 
11 6-5c 6-2c >99:1 90 88 
a Reactions were performed with 6-1a (0.05 mmol), 6-2 (0.075 mmol) and the catalyst (0.005 
mmol) in toluene (0.5 mL) under argon. b Determined by 1H NMR analysis of the crude products. 
c Isolated yield. d Determined by HPLC analysis on a chiral stationary phase. 
 
Generality of this -selective AAA reaction of MBH carbonates with phthalides 
6-1 was next studied (Table 6.2). All the reactions were completed within 2 h, and the 
-allylic alkylation products were obtained in excellent yields. The aryl moieties in the 
MBH carbonates 6-2 were well-tolerated, regardless of their electronic nature and 
substitution pattern (entries 1-13). Heterocyclic rings and 2-naphthyl group were also 
suitable (entries 14-16). Moreover, the less reactive alkyl MBH carbonates could be 
employed, albeit with moderate diastereoselectivity (entries 17-18). It should be noted 
that alkyl MBH carbonates were found to be unsuitable substrates in related literature 
reports.3,4 Substitutions on the aromatic ring of phthalides 6-1 could also be 
well-tolerated (entries 19-21). However, the trisubstituted alkenes such as the MBH 
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adduct of cyclohexenone were found to be unsuitable for the reaction, and no 
allylation product was observed. The absolute configuration of the allylation products 
were determined based on X-ray crystal structural analysis of an acid derivative of 
6-3w. 



















entry R1/R2 (6-3) d.r.b yield (%)c ee (%)d 
1 H/C6H5 (6-3a) >99:1 96 98 
2 H/4-Me-C6H4 (6-3d) >99:1 95 99 
3 H/4-Br-C6H4 (6-3e) >99:1 92 98 
4 H/4-F-C6H4 (6-3f) >99:1 96 97 
5 H/4-Cl-C6H4 (6-3g) >99:1 93 99 
6 H/4-CF3-C6H4 (6-3h) >99:1 97 98 
7 H/4-NO2-C6H4 (6-3i) >99:1 91 98 
8 H/4-CN-C6H4 (6-3j) >99:1 92 98 
9 H/3-Me-C6H4 (6-3k) >99:1 92 95 
10 H/3-Br-C6H4 (6-3l) >99:1 93 98 
11 H/2-Me-C6H4 (6-3m) 96:4 93 97 
12 H/2-Br-C6H4 (6-3n) >99:1 95 95 
13 H/2,4-Cl-C6H3 (6-3o) >99:1 92 97 
14 H/2-thiophenyl (6-3p) >99:1 94 96 
15 H/3-furyl (6-3q) 97:3 92 97 
16 H/2-nathphyl (6-3r) >99:1 90 99 
17 H/Me (6-3s) 67:33 82 99/30 
18 H/i-Bu (6-3t) 75:25 92 98/53 
19 5-Br/Ph (6-3u) >99:1 93 >99 
20 5-CN/Ph (6-3v) >99:1 92 98 
21 5-Br/2,4-Cl-C6H3 (6-3w) >99:1 91 98 
a Reactions were performed with 6‐1 (0.05 mmol), 6‐2 (0.075 mmol) and 6‐5c (0.005 mmol) in 
toluene (0.5 mL) under argon. b Determined by 1H NMR analysis of the crude products. c Isolated 
yield. d Determined by HPLC analysis on a chiral stationary phase. 
6.2.2. Mechanistic Considerations and Solvent Effects on Regioselectivity and 
Enantioselectivity 
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A mechanism involving a tandem SN2’-SN2’ pathway was postulated to account 
for the formation of the observed -selectivity (Scheme 6.2, pathway 1). The first SN2’ 
reaction is initiated via nucleophilic attack of phosphine 6-5c on the MBH carbonate  
6-2b, and the phosphonium intermediate A is generated with concurrent release of 
CO2. The tert-butoxide generated then deprotonates phthalide 6-1a, which undergoes 
a second SN2’ with phosphonium A to yield -allylation product 6-3b. We propose 
that the hydrogen bonding interactions between thiourea moiety of the catalyst and the 
ester group of phthalide are crucial for the observed stereoselectivity. 
 
Scheme 6.2 Diverse reaction pathways 
Solvents are known to play important roles in organic reactions. Given the 
involvement of ionic intermediates in our reaction system, solvent effect is thus 
anticipated to be profound. Intriguingly, when phosphine 6-4d-catalyzed reaction 
between phthalide 6-1a and the MBH carbonate 6-2b was carried out in CH3CN, the 
-product 6-3b’ and -selective 6-3b were formed in a 1:1 ratio (Scheme 6.3). In stark 
contrast, the -selective 6-3b was the only product observed when toluene was used as 
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the solvent (Table 6.1, entry 4). This experimental result suggested that another 
mechanism might be in operation with the simple switch of reaction medium from 
toluene to CH3CN, which prompted us to further investigate the influence of solvents 
on our reaction. Moreover, in the presence of methylated thiourea phosphine 6-4d’, 
the ratio of  to  products was unchanged. Nevertheless, the ee of -product 6-3b 
decreased to 21%, comparing with a 54% ee when thioureaphosphine 6-4d was used 
as a catalyst under otherwise same reaction conditions. These results support our 
earlier assumption that hydrogen bonding interactions play an important role in 
stereochemical control in pathway 1. The non-stereoselective pathway 2 was 

















6-4d: 48% yield, 54% ee;






6-4d: 46% yield, <5% ee;
6-4d': 42% yield, <5% ee
6-3b (-product) 6-3b' (-product)
Scheme 6.3 The AAA reaction catalyzed by 6-4d or 6-4d’ in CH3CN 
We performed the allylation reaction between 6-1a and 6-2b catalyzed by 
bifunctional phosphine 6-4d in a number of common aprotic organic solvents, and the 
results are summarized in Table 6.3. The ee values of the -products plotted against 
the -selectivity of the reaction are illustrated in Figure 6.3. A clear correlation 
between regioselectivity and solvent polarity was observed. When solvents with low 
polarity12 (e.g. toluene) were utilized, the -regioisomer 6-3b was formed in high 
enantiomeric excess. Increase of solvent polarity favoured the formation of the 
                                                             
12 Dielectric constant εr values are referred to as empirical parameter of solvent polarity, see: Reichardt, C. Solvents 
and solvent effects in organic chemistry, Wiley-VCH, 2010, 4th edition, p375-377. 
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-product 6-3b’, but such an increase in -selectivity was coupled with a decrease in 
enantioselectivity of the product. When the reaction was carried out in DMSO, a  
(6-3b’) to  (6-3b) ratio of 92:8 could be obtained, however, the -allylation product 
was formed with only 4% ee. It should also be noted that although more polar 
solvents favoured the formation of -products, such -products were obtained in 
nearly racemic form. 
The above results suggested that employment of more polar solvents resulted in a 
switch of reaction mechanism; a new -selective and non-enantioselective pathway is 
likely in operation. When the in situ generated tert-butoxide abstracted the proton 
from the phthalide 6-1a, the resulting anion could either add to intermediate A or the 
MBH carbonate 6-2b. Intermediate A was a favoured reaction partner when the 
reaction was run in toluene, due to the high electrophilicity of the phosphonium 
alkene A and intramolecular like reaction facilitated by the hydrogen bonding 
interactions. However, when the polar aprotic solvent (e.g. DMSO) was used, the 
polar group of the solvent not only stabilized the phosphonium intermediate, but also 
disrupted the hydrogen bonding interactions, and such disruption resulted in 
decreased ee values of the -product formed. Therefore, in the presence of polar 
aprotic solvent, the MBH carbonate 6-2b became a predominant acceptor to trap the 
phthalide anion, yielding the -allylic alkylation product 6-3b’. Such an 
additionelimination process is apparently non-stereoselective, affording nearly 
racemic products (Scheme 6.2, pathway 2). 
Table 6.3 The Influence of Various Aprotic Solvents on the Regioselectivities and 
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entrya solvent rb  : c ee ()d 
1 toluene 2.38 0:100 87 
2 CHCl3 4.89 0:100 87 
3 THF 7.58 4.3:95.6 85 
4 CH2Cl2 8.93 4.5:95.5 80 
5 ClCH2CH2Cl 10.36 5.6:94.4 78 
6 acetone 20.56 5.7:94.3 57 
7 CH3CN 35.90 46.0:54.0 54 
8 DMSO 44.00 92.0:8.0 4 
a Reactions were performed with 6-1a (0.05 mmol), 6-2b (0.075 mmol) and the 6-4d (0.005 mmol) 
in the solvent specified (0.5 mL) under argon. b Dielectric constant εr values are referred as 
empirical parameter of solvent polarity. c Evaluated by 1H NMR analysis of the crude products. d 
The ee values of 6-3b, determined by HPLC analysis on a chiral stationary phase. The ee values of 
6-3b‘ were all below 5%. 
 
Figure 6.3 Correlation of ee of isomer (orange) and ratio (blue) with solvent 
polarity. 
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Having established a stereoselective pathway for deriving -selective allylation 
products, we next focused on the formation of -selective phthalides in an 
enantioselective manner. The aforementioned pathway 2 implies that Brønsted 
base-initiated additionelimination sequence may be utilized for selective formation 
of the -product. Given the high acidity of the proton at the C3 position of phthalide, 
we reasoned an appropriate chiral Brønsted base may provide sufficient activation. 
We hypothesized that utilization of multi-functional tertiary amine-based catalysts 
may lead to an enantioselective variant of -selective allylic alkylation of phthalides . 
The reaction between phthalides 6-1a and the MBH carbonates in the presence of 
tertiary aminethiourea catalysts was examined (Figure 6.4), and the results are 
summarized in Table 6.4. Neither quinidine 6-8 nor quinidine-derived tertiary 
aminethiourea 6-9 could effectively promote the reaction (entries 1-2). Suspecting 
the ester-containing MBH carbonate may not have sufficient reactivity, we then 
utilized carbonate 6-6a as a reaction partner. Indeed, the allylation proceeded 
smoothly with 6-6a, affording the -selective product in excellent yield and with 
moderate ee (entry 3). To further improve the enantioselectivity of the reaction, a 
screening of catalysts was performed. Tryptophan-based catalyst 6-10 was ineffective 
(entry 4), and our previously developed trifunctional catalysts 6-8d offered fantastic 
results (entries 5-9). Under the optimized reaction conditions, threonine-incorporated 
6-12c promoted the allylation reaction of phthalide 6-1a with 6-6a in a highly 
enantioselective and regioselective manner, affording the -product 6-7a in 91% yield 
and with 98% ee (entry 8). 
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6-12a: R = TBS; 6-12b: R = TDS






























Figure 6.4 Bifunctional tertiary amine catalysts examined 







toluene, RT, 36 h
cat. (10 mol%)
6-1a
6-2b: R1 = CO2Et




6-3b': R1 = CO2Et
6-7a: R1 = CN
Ph
 
entrya cat. R1 Z/Eb yield (%)c ee (%)d 
1 6-8 CO2Et - <10 - 
2 6-9 CO2Et - <10 - 
3 6-9 CN 15:1 94 72 
4 6-10 CN 15:1 87 35 
5 6-11 CN 14:1 90 85 
6 6-12a CN 17:1 90 93 
7 6-12b CN 17:1 92 93 
8 6-12c CN 18:1 91 98 
9 6-12d CN 18:1 92 94 
a Reactions were performed with 6-1a (0.05 mmol), 6-2b or 6a (0.075 mmol) and the catalyst 
(0.005 mmol) in toluene (0.5 mL) under argon. b Determined by 1H NMR analysis of the crude 
products. c Isolated yield. d Determined by HPLC analysis on a chiral stationary phase. 
The above -selective allylation reactions were general for MBH carbonates with 
different substituents (Table 5), including electron rich/poor aryls with different 
substitution patterns (entries 1-14), 1-naphthyl (entry 15), heteroaromatic ring (entry 
16), vinylic group (entry 17). Notably, in contrast to reported systems with substrates 
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scope limited to aromatic substituted MBH adducts,3,4 our current catalytic system 
also worked nicely for MBH carbonates with aliphatic group (entry 18), or simply 
hydrogen (derived from formaldehyde, entry 19). Moreover, different substitutents on 
the aromatic part of phthalides 6-1 could also be tolerated (entries 20-21). In all cases, 
good to excellent Z/E ratios were attainable. The absolute configurations of products 
6-7 were determined based on X-ray crystal structural analysis of 6-7m. 
Table 6.5 Asymmetric -Selective Allylic Alkylation of Phthalides 
 
entrya R1/R2, 6-7 Z/Eb yield (%)c ee (%)d 
1 H/C6H5, 6-7a 18:1 91 98 
2 H/4-OMe-C6H4, 6-7b 12:1 90 98 
3 H/4-Cl-C6H4, 6-7c 15:1 92 98 
4 H/4-F-C6H4, 6-7d 9:1 94 98 
5 H/4-NO2-C6H4, 6-7e 9:1 95 98 
6 H/3-CN-C6H4, 6-7f >25:1 93 98 
7 H/3-Me-C6H4, 6-7g 12:1 90 98 
8 H/3-Br-C6H4, 6-7h 10:1 95 98 
9 H/3-Cl-C6H4, 6-7i 18:1 92 99 
10 H/3-F-C6H4, 6-7j 21:1 93 97 
11 H/2-Me-C6H4, 7k >25:1 92 97 
12 H/2-Cl-C6H4, 6-7l 11:1 91 96 
13 H/3,4-Cl-C6H3, 6-7m 11:1 86 98 
14 H/3-NO2-4-Cl-C6H3, 6-7n 14:1 88 98 
15 H/1-naphthyl, 6-7o 7:1 92 97 
16 H/2-thiophenyl, 6-7p 25:1 80 91 
17 H/(E)-PhCH=CH, 6-7q 5:1 85 91 
18 H/C6H4CH2CH2, 6-7r >25:1 75 95 
19 H/H, 6-7s - 78 93 
20 5-Br/4-Cl-C6H4, 6-7t >25:1 93 98 
21 5-CN/C6H5, 6-7u 10:1 88 97 
a Reactions were performed with 6‐1 (0.05 mmol), 6‐6 (0.075 mmol) and 6‐12c (0.005 mmol) in 
toluene (0.5 mL) under argon. b Determined by 1H NMR analysis of the crude products. c Isolated 
yield. d Determined by HPLC analysis on a chiral stationary phase. 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 259 - 
 
We believe selective formation of the -selective product resulted from a 
Brønsted base-initiated additionelimination reaction sequence (Scheme 6.4, pathway 
B). It is postulated that the hydrogen bonding network between catalyst 6-12c and the 
substrate was crucial for the observed enantioselectivity. However, it should be noted 
that the same product could also be formed via an SN2’-SN2 tandem reaction, in which 
tertiary amine catalysts serve as a nucleophilic catalyst (Scheme 6.4, pathway A).  
To gain further mechanistic insights, we performed the same allylic alkylation 
experiment by utilizing the MBH acetate 6-6b (Scheme 6.5). In the presence of 30 
mol% 6-12c, 6-7a was obtained in 30% yield, in contrast to a 91% yield when the 
MBH carbonate 6-6a was employed under otherwise identical reaction conditions. 
These experimental results support that pathway B is more likely for our reaction. 
Had the reaction proceed via pathway A, the allylation product would not be formed 
as the acetate anion is not basic enough to deprotonate 6-1a. In pathway B, the in situ 
generated tert-butoxide deprotonates the ammonium species to re-generate the 
catalyst, hence making the reaction catalytic. When the MBH acetate was employed, 
the reaction was not catalytic anymore as the acetate was unable to facilitate the 
regeneration of the catalyst. The combination of the MBH acetate and the phosphine 
catalyst 6-5c did not lead to the product formation, which clearly supported that the 
tert-butoxide was required for the deprotonation of phthalide in an SN2’-SN2’ 
mechanism (Scheme 2). On the other hand, when carbonate 6-6a was used in the 
presence of phosphine 6-5c, only the -product 6-7a was isolated. In contrast to 
-selectivity for carbonate 2b, the observed -selectivity with 6-6a as a substrate 
Chapter 6 Regiodivergent AAA reactions 
- 260 - 
 
under phosphine catalysis suggested that the cyano group in 6-6a exerts a strong 
inductive effect and enhances electrophilicity of the terminal alkene, and leads to the 
formation of -product. 
 
Scheme 6.4 The formation of -selective allylation product 
  
Scheme 6.5 Employment of MBH acetate in the reaction 
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6.3. CONLUSIONS 
In conclusion, we have used phthalides for the first time in the AAA reaction 
with MBH carbonates to access optically enriched 3,3-disubstituted phthalides. By 
employing bifunctional chiral phosphines or multifunctional tertiary aminethioureas 
as the catalyst, we developed highly regiodivergent approach to enantioselectively 
prepare -selective or -selective allylic alkylation products, respectively. Our results 
also demonstrated that proper selection of catalysts and reaction conditions would 
differentiate an SN2’-SN2’ pathway and an addition-elimination process, yielding 
different regioisomers of the allylic alkylation products in a highly enantiomerically 
pure form. Applications of the approaches described here to other allylation reactions, 
biological evaluation of our synthetic phthalides and DFT calculations to understand 
our catalytic systems are in progress in our laboratory. 
6.4 Experimental Section 
6.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
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(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 
doublet), br (broad singlet). Coupling constants were reported in Hertz (Hz). Low 
resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high 
resolution mass spectra were obtained on a Finnigan/MAT 95XL- T spectrometer. For 
thin layer chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) 
were used, and compounds were visualized with a UV light at 254 nm. Further 
visualization was achieved by staining with iodine, or ceric ammonium molybdate 
followed by heating on a hot plate. Flash chromatographic separations were 
performed on Merck 60 (0.040- 0.063 mm) mesh silica gel. The enantiomeric 
excesses of products were determined by chiral-phase HPLC analysis, using a Daicel 
Chiralcel IC-H column (250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column 
(250 x 4.6 mm). 
The MBH carbonates were prepared following the literature procedure,13 and 
catalyst 11 and 12a was synthesized using our reported method.14 
6.4.2 Synthesis of Catalysts and Substrates 
                                                              
13 Feng, J.; Lu, X.; Kong, A.; Han, X. Tetrahedron 2007, 63, 6035 
14 Zhu, Q. and Lu, Y. Angew. Chem. Int. Ed. 2010, 49, 7753 
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6-12b: R = TDS
6-12c: R = TBDPS






To a solution of L-threonine (595 mg, 5 mmol) in MeOH/H2O (1:1, v/v, 15 mL) 
was added NaHCO3 (1.26 g, 15 mmol), and the resulting mixture was cooled to 0 oC, 
Boc2O (1.74 g, 10 mmol) was then introduced slowly. The reaction mixture was 
stirred at room temperature overnight. Solvent was removed and water (15 mL) was 
added to the residue. The solution was acidified with 1N HCl to pH 4.0, and extracted 
with ethyl acetate (3 x 15 mL). The organic layers were combined, dried over Na2SO4 
and concentrated to afford crude N-Boc-L-threonine.  
To a mixture of crude N-Boc-L-threonine (1 mmol) in anhydrous DMF (300 L) 
were added imidazole (136 mg, 2 mmol) and tert-butyldiphenylsilyl chloride (390 L, 
1.5 mmol), and the resulting solution was stirred at room temperature for 12 hrs. 
Water was added and the mixture was extracted with diethyl ether (3 x 5 mL), and the 
combined organic extracts were dried over Na2SO4 and concentrated. The residue was 
purified by column chromatography using hexane/ethyl acetate (5:1 to 2:1) as an 
eluent to afford 6-12c’ (343 mg, 75 % yield) as a colorless oil. 
A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.03 (s, 9H), 1.06 (d, J = 6.3 Hz, 3H), 
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4.28-4.29 (m, 1H), 4.45-4.46 (m, 1H), 5.33 (d, J = 9.5 Hz, 1H), 7.35-7.41 (m, 4H), 
7.43-7.45 (m, 2H), 7.64-7.68 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 19.25, 20.22, 
26.85, 28.33, 59.20, 70.22, 80.13, 127.54, 127.73, 127.77, 129.78, 130.02, 130.24, 
132.46, 135.34, 135.85, 156.10, 175.90; HRMS (ESI) m/z calcd for C25H35NO5Si 
[M+Na]+ = 480.2177, found = 480.2171. 
tert-Butyl((2S,3R)-3-((tert-Butyldiphenylsilyl)oxy)-1-oxo-1-(((S)-quinolin-4-yl((1S,2
S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)amino)butan-2-yl)carbamate 6-12c’’ 
To a stirred solution of acid 6-12c’ (228 mg, 0.5 mmol) in anhydrous 
tetrahydrofuran (8 mL) and triethylamine (174 μL, 1.25 mmol) at 0 oC was added 
ethylchloroformate (60 mg, 0.22 mmol) under N2. After stirring for 1 h, 
(S)-quinolin-4-yl((2S)-8-vinylquinuclidin-2-yl)methanamine(epi-cinchonidine-NH2, 
147 mg, 0.2 mmol) was added. The reaction mixture was warmed to room 
temperature and stirred for 2 h. After concentration, water (15 mL) was added to the 
residue, and the resulting mixture was extracted with dichloromethane (15 mL x 2). 
The combined organic layers were dried over anhydrous Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was purified by flash column 
chromatography (ethyl acetate/hexanes = 1:2 to ethyl acetate to ethyl acetate/methanol 
= 20:1) to afford 6-12c’’ (293 mg, 80% yield) as a colorless oil. 
A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.02 (d, J = 6.3 Hz, 3H), 1.05 (s, 9H), 
1.36 (m, 12H), 1.64 (m, 3H), 2.04 (br, 1H), 2.25 (m, 1H), 2.72-2.78 (m, 1H), 
3.12-3.14 (m, 3H), 4.23-4.27 (m, 2H), 4.91-4.94 (m, 2H), 5.33 (m, 1H), 5.65-5.67 (m, 
1H), 7.32-7.46 (m, 6H), 7.62 (br, 1H), 7.71-7.72 (m, 6H), 8.13-8.15 (m, 2H), 8.43 (br, 
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1H), 8.86 (d, J = 4.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 18.06, 19.23, 27.03, 
27.47, 27.93, 28.20, 39.48, 40.91, 55.89, 59.17, 70.17, 79.40, 114.38, 123.22, 126.73, 
127.54, 127.68, 129.07, 129.73, 129.89, 130.51, 132.48, 133.99, 135.82, 136.06, 
141.36, 150.06, 155.25, 170.02; HRMS (ESI) m/z calcd for C44H56N4O4Si [M+H]+ = 




To a stirred solution of 6-12c’’ (293 mg, 0.40 mmol) in dichloromethane (4.0 mL) 
was added trifluoroacetic acid (0.4 mL). After stirring at room temperature for 12 h, 
aqueous NaHCO3 (15mL) was added. The resulting mixture was then extracted with 
dichloromethane (10 mL x 3), and the organic extracts were combined, dried over 
Na2SO4, filtered and concentrated. The crude product was used directly dissolved in 
dichloromethane (5.0 mL) at room temperature, and 
1-isothiocyanato-3,5-bis(trifluoromethyl)benzene (108 mg, 0.40 mmol) was added. 
After stirring for 2 h, the reaction mixture was concentrated under reduced pressure to 
afford the crude product, which was subjected to flash chromatographic separation 
(ethyl acetate/hexanes = 1:2 to ethyl acetate) to afford product 6-12c (311 mg, 86% 
for two steps) as a white solid. 
1H NMR (500 MHz, CDCl3) δ1.14 (d, J = 6.3 Hz, 3H), 1.22 (s, 9H), 1.27 (m, 2H), 
1.54-1.60 (m, 3H), 2.25 (s, 1H), 2.49-2.52 (m, 1H), 2.74 (m, 1H), 3.03 (br, 2H), 
3.08-3.13 (m, 1H), 4.29-4.31 (m, 1H), 4.91-4.95 (m, 2H), 5.44 (br, 2H), 5.62-5.69 (m, 
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1H), 7.20 (br, 1H), 7.27 (s, 1H), 7.38 (s, 2H), 7.43-7.53 (m, 9H), 7.57 (m, 1H), 
7.79-7.81 (m, 4H), 7.87 (d, J = 8.2 Hz, 1H), 8.15 (d, J = 8.6 Hz, 1H), 8.47 (br, 1H), 
8.67 (d, J = 3.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 17.84, 19.23, 27.18, 27.27, 
27.85, 39.29, 40.93, 56.50, 61.77, 69.94, 114.61, 118.18, 121.84, 122.19, 122.23, 
122.26, 122.40, 123.33, 124.01, 126.58, 127.70, 127.88, 129.08, 130.00, 130.28, 
130.50, 131.30, 131.56, 131.99, 133.64, 135.92, 136.30, 139.30, 141.06, 149.95, 
171.20, 181.14. HRMS (ESI) m/z calcd for C48H51F6N5O2SSi [M+H]+ = 904.3510, 
found = 904.3498. 
Catalysts 6-12b and 6-12d were prepared following the same procedures described 
for the preparation of 6-12c 
(2S,3R)-2-((tert-Butoxycarbonyl)amino)-3-(((2,3-dimethylbutan-2-yl)dimethylsilyl)ox
y)butanoic acid 6-12b’ 
A colorless oil; 80% yield; 1H NMR (500 MHz, CDCl3) δ 0.12 (s, 3H), 0.16 (s, 3H), 
0.85 (s, 6H), 0.89 (d, J = 2.5 Hz, 3H), 0.91 (d, J = 2.5 Hz, 3H), 1.23 (d, J = 10.1 Hz, 
3H), 1.49 (s, 9H), 1.58-1.70 (m, 1H), 4.27-4.30 (m, 1H), 4.46-4.49 (m, 1H), 5.24 (d, J 
= 14.6 Hz, 1H), 8.63 (br, 1H); 13C NMR (125 MHz, CDCl3) δ -3.27, -2.54, 18.45, 
18.53, 20.00, 20.15, 24.73, 28.26, 34.01, 59.02, 68.67, 80.05, 156.07, 175.48. HRMS 




A colorless oil; 90% yield; 1H NMR (500 MHz, CDCl3) δ 0.07 (s, 3H), 0.15 (s, 3H), 
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0.86 (s, 3H), 0.87 (s, 3H), 0.92 (d, J = 5.7 Hz, 6H), 1.11 (d, J = 6.3 Hz, 3H), 1.37 (m, 
12H), 1.56-1.63 (m, 4H), 2.26 (s, 1H), 2.63-2.71 (m, 2H), 3.07 (br, 2H), 3.18-3.23 (m, 
1H), 4.04 (s, 1H), 4.20 (s, 1H), 4.91-4.96 (m, 2H), 5.43 (br, 2H), 5.66-5.73 (m, 1H), 
7.36 (s, 1H), 7.60 (br, 1H), 7.68-7.71 (m, 1H), 8.04 (br, 1H), 8.1 (d, J = 8.2 Hz, 1H), 
8.38 (br, 1H), 8.86 (d, J = 4.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ -3.04, -2.72, 
14.18, 17.95, 18.59, 18.69, 20.09, 20.20, 24.85, 26.06, 27.52, 27.92, 28.29, 34.06, 
39.61, 40.84, 56.06, 59.02, 68.42, 77.30, 79.36, 114.40, 123.25, 126.71, 129.04, 
130.52, 141.43, 150.00, 155.44, 170.08; HRMS (ESI) m/z calcd for C36H56N4O4Si 




A white solid; 93% yield; 1H NMR (500 MHz, CDCl3) δ 0.24 (s, 3H), 0.27 (s, 3H), 
0.95 (m, 13H), 1.19 (d, J = 5.7 Hz, 3H), 1.32-1.37 (m, 1H), 1.58-1.72 (m, 4H), 2.28 (s, 
1H), 2.66-2.74 (m, 2H), 3.08 (br, 2H), 3.20-3.25 (m, 1H), 4.45 (s, 1H), 4.95-5.02 (m, 
3H), 5.52 (br, 1H), 5.67-5.74 (m, 1H), 7.28 (d, J = 4.4 Hz, 1H), 7.47-7.62 (m, 6H), 
7.99 (d, J = 8.2 Hz, 1H), 8.22 (d, J = 7.6 Hz, 1H), 8.34 (br, 2H), 8.76 (s, 1H); 13C 
NMR (125 MHz, CDCl3) δ -2.65, -2.35, 17.72, 18.63, 18.72, 20.19, 20.26, 24.96, 
25.97, 27.39, 27.88, 34.08, 39.47, 40.08, 56.02, 62.06, 68.12, 114.62, 118.60, 121.79, 
122.68, 123.48, 123.97, 126.70, 129.16, 130.56, 131.93, 132.20, 139.32, 141.20, 
149.98, 170.40; HRMS (ESI) m/z calcd for C40H51F6N5O2SSi [M+H]+ = 808.3510, 
found = 808.3510. 
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A colorless oil; 71% yield; 1H NMR (500 MHz, CDCl3) δ 1.05-1.06 (m, 21H), 1.25 (d, 
J = 5.7 Hz, 3H), 1.45 (s, 9H), 4.28-4.29 (m, 1H), 4.58 (br, 1H), 5.26 (d, J = 8.2 Hz, 
1H), 9.19 (br, 1H); 13C NMR (125 MHz, CDCl3) δ 12.40, 17.91, 17.95, 28.28, 58.94, 
68.98, 80.05, 155.90, 174.65; HRMS (ESI) m/z calcd for C18H37NO5Si [M+Na]+ = 
398.2333, found = 398.2325. 
tert-Butyl((2S,3R)-1-oxo-1-(((S)-quinolin-4-yl((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)
methyl)amino)-3-((triisopropylsilyl)oxy)butan-2-yl)carbamate 6-12d’’ 
A colorless oil; 85% yield; 1H NMR (500 MHz, CDCl3) δ 1.11-1.70 (m, 21H), 1.70 (d, 
J = 5.2 Hz, 3H), 1.37 (m, 12H), 1.57-1.63 (m, 3H), 2.26 (s, 1H), 2.61-2.72 (m, 2H), 
3.10 (br, 2H), 3.26-3.21 (m, 1H), 4.15 (s, 1H), 4.30 (s, 1H), 4.92-4.97 (m, 2H), 5.46 
(br, 1H), 5.69-5.74 (m, 1H), 7.36 (s, 1H), 7.61 (br, 1H), 7.70-7.72 (m, 1H), 8.11-8.13 
(m, 2H), 8.39 (br, 1H), 8.87 (d, J = 4.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 12.25, 
17.99, 18.07, 25.95, 27.50, 27.96, 28.26, 39.62, 40.88, 55.97, 58.86, 68.79, 79.27, 
114.38, 123.20, 126.72, 129.05, 130.52, 141.47, 148.62, 150.02, 155.27, 169.97; 
HRMS (ESI) m/z calcd for C37H58N4O4Si [M+H]+ = 651.4300, found = 651.4313. 
(2S,3R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)-N-((S)-quinolin-4-yl((1S,2S,
4S,5R)-5-vinylquinuclidin-2-yl)methyl)-3-((triisopropylsilyl)oxy)butanamide 6-12d 
A while solid; 88% yield; 1H NMR (500 MHz, CDCl3) δ 1.18 (d, J = 6.3 Hz, 18H), 
1.27 (d, J = 6.3 Hz, 3H), 1.29-1.35 (m, 5H), 1.59-1.64 (m, 3H), 2.29 (s, 1H), 
2.65-2.76 (m, 2H), 3.09 (br, 2H), 3.18-3.22 (m, 1H), 4.47-4.49 (m, 1H), 4.94-4.99 (m, 
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2H), 5.52 (br, 1H), 5.67 (br, 1H), 5.69-5.73 (m, 1H), 7.28 (d, J = 4.6 Hz, 1H), 
7.42-7.48 (m, 4H), 7.57-7.60 (m, 2H), 7.94 (d, J = 8.2 Hz, 1H), 8.13 (br, 1H), 8.22 (d, 
J = 8.9 Hz, 1H), 8.56 (br, 1H), 8.72 (d, J = 5.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) 
δ 12.22, 18.07, 18.16, 27.31, 27.86, 39.43, 55.86, 61.70, 68.32, 114.62, 118.22, 
121.81, 122.40, 123.17, 126.15, 126.59, 129.10, 130.53, 131.20, 131.47, 131.73, 
139.35, 141.12, 148.26, 149.96, 170.99, 180.90; HRMS (ESI) m/z calcd for 








1) (COCl)2, DMF, DCM





6-1a: R = H;
6-1b: R = Br
6-1c: R = CN  
tert-Butyl 3-oxo-1,3-dihydroisobenzofuran-1-carboxylate 6-1a 
To a solution of diisopropyl amine (5.1 mL, 36 mmol) in THF was added n-BuLi 
(13.8 mL, 2.5 M in hexane) at -78 oC under Ar, and the solution was stirred at -78 oC 
for 0.5 h. Then a solution of phthalide (4.02 g, 30 mmol) in THF (5 mL) was 
introduced slowly and the mixture was further stirred at -78 oC for another 50 min. 
Carbon dioxide was bubbled into the solution using balloon for about 1.5 h at the 
same temperature during which the mixture became a clear red solution. Sat. aqueous 
NH4Cl solution (15 mL) was added dropwise to quench the reaction, and THF was 
removed under vacuum. The residue was basified with sat. Na2CO3 solution and the 
solution was washed with ethyl acetate (2 x 5 mL). The aqueous phase was acidified 
with conc. HCl solution until pH = 1. The mixture was extracted with ethyl acetate (3 
x 15 mL) and the organic phase was dried over Na2SO4. After concentration, the crude 
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acid (2 g) was obtained and used in the next step without further purification.  
To a solution of the crude acid (2 g) in CH2Cl2 (20 mL) was added oxalyl chloride 
(1.31 mL, 15 mmol) at 0 oC, followed by the addition of a few drops of DMF. The 
mixture was stirred at room temperature for 4 hrs. Then solvent was removed under 
reduced pressure and the residue was dissolved in CH2Cl2 (20 mL), and tert-butanol 
(1.06 mL, 11 mmol), Et3N (4.2 mL, 30 mmol) and DMAP (61 mg, 0.5 mmol) were 
added. The mixture was stirred at room temperature overnight. Water (20 mL) was 
added and the mixture was extracted with CH2Cl2 (3 x 15 mL). The organic phase was 
dried over Na2SO4 and concentrated. The residue was purified by column 
chromatography using hexane/ethyl acetate (15:1 to 10:1) as an eluent to afford 6-1a 
as a white solid (1.4 g, 30 % yield for two steps). 
1H NMR (500 MHz, CDCl3) δ 1.49 (s, 9H), 5.76 (s, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.64 
(d, J = 7.6 Hz, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.93, 77.79, 83.94, 122.44, 125.17. 125.96, 130.04, 134.37, 144.60, 
165.49, 169.55; HRMS (ESI) m/z calcd for C13H14O4 [M+Na]+ = 257.0784, found = 
257.0788. 
Substrates 6-1b and 6-1c were prepared following the same procedures described for 
the preparation of 6-1a. 
tert-Butyl 6-bromo-3-oxo-1,3-dihydroisobenzofuran-1-carboxylate 6-1b 
A while solid; 1H NMR (500 MHz, CDCl3) δ 1.51 (s, 9H), 5.73 (s, 1H), 7.73 (d, J = 
8.8 Hz, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.81 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.96, 77.56, 84.56, 124.13, 126.01, 127.18, 129.64, 133.74, 146.23, 164.90, 168.54; 
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HRMS (ESI) m/z calcd for C13H1379BrO4 [M+Na]+ = 334.9889, found = 334.9887; 
C13H1381BrO4 [M+Na]+ = 336.9869, found = 336.9869. 
tert-Butyl 6-cyano-3-oxo-1,3-dihydroisobenzofuran-1-carboxylate 6-1c 
A while solid; 1H NMR (500 MHz, CDCl3) δ 1.51 (s, 9H), 5.82 (s, 1H), 7.89 (d, J = 
7.6 Hz, 1H), 7.96 (s, 1H), 8.04 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.95, 77.43, 85.10, 117.19, 118.06, 126.71, 126.87, 128.87, 133.82, 144.90, 164.28, 
167.42; HRMS (ESI) m/z calcd for C14H12NO4 [M-H]- = 258.0772, found = 258.0781; 
6.4.3 Representative Procedure for the AAA reactions 























To a solution of phthalide ester 6-1a (11.7 mg, 0.05 mmol) and catalyst 6-5c (2.9 
mg, 0.005 mmol) in toluene (0.5 mL) at room temperature was added MBH carbonate 
6-2b (23.3 mg, 0.075 mmol) under Ar. The flask was sealed, and the reaction mixture 
was stirred at room temperature for 2 hrs. The solvent was then removed and the 
residue was purified directly by column chromatography on silica gel using 
hexane/ethyl acetate (15:1 to 10:1) as an eluent to afford 6-3a as a colorless oil (20.3 
mg, 96% yield).  
Representative procedure for the amine-catalyzed allylic alkylation 
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To a solution of phthalide ester 6-1a (11.7 mg, 0.05 mmol) and catalyst 6-12c 
(4.7 mg, 0.005 mmol) in toluene (0.5 mL) in a sample vial at room temperature was 
added MBH carbonate 6-6a (19.4 mg, 0.075 mmol). The vial was sealed and the 
reaction mixture was stirred at room temperature for 36 hrs. Then solvent was 
removed and the residue was purified directly by column chromatography on silica 
gel using hexane/ethyl acetate (10:1 to 8:1) as an eluent to afford 6-7a as a colorless 
oil (17.1 mg, 91% yield). 




A colorless oil; [α]25D = -143.8 (c 0.87, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.16 (s, 9H), 3.86 (q, J = 7.0 Hz, 2H), 5.46 (s, 1H), 5.86 (s, 1H), 6.21 
(s, 1H), 7.28 (d, J = 7.2 Hz, 1H), 7.34 (t, J = 7.6 Hz, 2H), 7.53 (t, J = 7.6 Hz, 1H), 
7.65-7.68 (m, 3H), 7.81 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 13.98, 27.38, 49.71, 60.97, 83.80, 88.75, 123.92, 125.40, 126.25, 
127.36, 128.64, 129.12, 130.06, 131.31, 133.86, 137.03, 139.36, 146.62, 166.21, 
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166.77, 169.48; HRMS (ESI) m/z calcd for C25H26O6 [M+Na]+ = 445.1622, found = 
445.1627; The ee value was 98%, tR (major) = 9.6 min, tR (minor) = 21.1 min 








A colorless oil; [α]25D = -142.7 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.02 (t, 
J = 7.0 Hz, 3H), 1.17 (s, 9H), 2.33 (s, 3H), 3.85 (q, J = 7.0 Hz, 2H), 5.42 (s, 1H), 5.85 
(s, 1H), 6.19 (s, 1H), 7.14 (d, J = 8.2 Hz, 2H), 7.51-7.55 (m, 3H), 7.65 (t, J = 7.6 Hz, 
1H), 7.79 (d, J = 7.6 Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) 
δ 13.97, 21.02, 27.41, 49.34, 60.92, 83.70, 88.89, 123.92, 125.35, 126.26, 128.99, 
129.25, 130.00, 131.09, 133.81, 136.27, 136.99, 137.28, 146.68, 166.23, 166.80, 
169.54; HRMS (ESI) m/z calcd for C26H28O6 [M+Na]+ = 459.1777, found = 459.1782; 
The ee value was 99%, tR (major) = 10.6 min, tR (minor) = 22.2 min (Chiralcel IC-H, 
λ = 220 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S)-tert-Butyl1-((S)-1-(4-bromophenyl)-2-(ethoxycarbonyl)allyl)-3-oxo-1,3-dihydrois
obenzofuran-1-carboxylate 6-3e 
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A colorless oil; [α]25D = -146.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.20 (s, 9H), 3.87 (q, J = 7.0 Hz, 2H), 5.44 (s, 1H), 5.79 (s, 1H), 6.20 
(s, 1H), 7.48 (dd, J = 1.9 Hz, 6.3 Hz, 2H), 7.53-7.56 (m, 3H), 7.66 (td, J = 1.3 Hz, 7.6 
Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 13.97, 27.46, 49.03, 61.11, 84.08, 88.41, 121.50, 123.82, 125.50, 126.15, 
130.18, 130.85, 131.25, 131.74, 133.96, 136.79, 138.40, 146.32, 166.10, 166.60, 
169.30; HRMS (ESI) m/z calcd for C25H2579BrO6 [M+Na]+ = 523.0727, found = 
523.0744; C25H2581BrO6 [M+Na]+ = 525.0706, found = 525.0724; The ee value was 
98%, tR (major) = 8.3 min, tR (minor) = 14.0 min (Chiralcel IC-H, λ = 220 nm, 20% 




A colorless oil; [α]25D = -148.3 (c 0.80, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.19 (s, 9H), 3.86 (q, J = 7.0 Hz, 2H), 5.46 (s, 1H), 5.80 (s, 1H), 6.20 
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(s, 1H), 7.04 (t, J = 8.5 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.63-7.68 (m, 3H), 7.98 (d, J 
= 7.6 Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.96, 27.44, 
48.90, 61.05, 83.95, 88.65, 115.44 (d, J = 21.0 Hz), 123.87, 125.45, 126.19, 130.14, 
130.83 (d, J = 7.3 Hz), 131.04, 133.92, 135.09 (d, J = 3.6 Hz), 137.06, 146.39, 162.13 
(d, J = 245.6 Hz), 166.15, 166.66, 169.31; HRMS (ESI) m/z calcd for C25H25FO6 
[M+Na]+ = 463.1527, found = 463.1534; The ee value was 97%, tR (major) = 8.3 min, 










A colorless oil; [α]25D = -145.6 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.20 (s, 9H), 3.87 (q, J = 7.0 Hz, 2H), 5.45 (s, 1H), 5.79 (s, 1H), 6.20 
(s, 1H), 7.33 (d, J = 8.8 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.60 (d, J = 8.2 Hz, 2H), 
7.66 (t, J = 7.6 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.84 (t, J = 7.6 Hz, 1H); 13C NMR 
(125 MHz, CDCl3) δ 13.96, 27.47, 48.99, 61.08, 84.05, 88.48, 123.83, 125.49, 126.19, 
128.76, 130.17, 130.52, 131.15, 133.40, 133.94, 136.92, 137.88, 146.36, 166.12, 
166.61, 169.28; HRMS (ESI) m/z calcd for C25H25ClO6 [M+Na]+ = 479.1231, found = 
479.1230; The ee value was 99%, tR (major) = 8.7 min, tR (minor) = 14.3 min 
(Chiralcel IC-H, λ = 220 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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A colorless oil; [α]25D = -131.5 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.17 (s, 9H), 3.89 (q, J = 7.0 Hz, 2H), 5.55 (s, 1H), 5.79 (s, 1H), 6.23 
(s, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.62 (d, J = 8.9 Hz, 2H), 7.66-7.70 (m, 1H), 7.78 (t, J 
= 7.0 Hz, 3H), 7.85 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.96, 27.38, 
49.30, 61.19, 84.19, 88.23, 123.76, 125.52 (q, J = 3.6 Hz), 126.13, 129.47, 129.61, 
129.87, 130.27, 131.50, 134.04, 136.52, 143.42, 146.22, 166.05, 166.51, 169.22; 
HRMS (ESI) m/z calcd for C26H25F3O6 [M+Na]+ = 513.1495, found = 513.1498; The 
ee value was 98%, tR (major) =6.4 min, tR (minor) = 8.8 min (Chiralcel IC-H, λ = 220 




A colorless oil; [α]25D = -132.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.04 (t, 
J = 7.0 Hz, 3H), 1.19 (s, 9H), 3.90 (q, J = 7.0 Hz, 2H), 5.62 (s, 1H), 5.76 (s, 1H), 6.24 
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(s, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.69 (d, J = 7.6 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 
7.85-7.87 (m, 3H), 8.22 (d, J = 8.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 13.96, 
27.48, 49.13, 61.35, 84.43, 87.91, 123.64, 123.80, 125.69, 126.10, 130.02, 130.40, 
131.60, 134.13, 136.36, 146.00, 146.86, 147.25, 166.01, 166.34, 169.02; HRMS (ESI) 
m/z calcd for C25H25NO8 [M+Na]+ = 490.1472, found = 490.1469; The ee value was 
98%, tR (major) = 21.1 min, tR (minor) = 28.5 min (Chiralcel IC-H, λ = 220 nm, 20% 






NC 6-3j  
A colorless oil; [α]25D = -141.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
J = 7.0 Hz, 3H), 1.19 (s, 9H), 3.89 (q, J = 7.0 Hz, 2H), 5.55 (s, 1H), 5.76 (s, 1H), 6.23 
(s, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.65 (d, J = 7.6 Hz, 2H), 7.69 (d, J = 7.6 Hz, 1H), 
7.76 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 7.6 Hz, 2H), 7.86 (d, J = 7.6 Hz, 1H); 13C NMR 
(125 MHz, CDCl3) δ 13.96, 27.45, 49.38, 61.30, 84.36, 88.00, 111.47, 118.52, 123.66, 
125.66, 126.09, 129.88, 130.37, 131.55, 132.43, 134.10, 136.35, 144.82, 146.03, 
166.00, 166.38, 169.06; HRMS (ESI) m/z calcd for C26H25NO6 [M+Na]+ = 470.1574, 
found = 470.1564; The ee value was 98%, tR (major) = 25.4 min, tR (minor) = 28.1 
min (Chiralcel IC-H, λ = 220 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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A colorless oil; [α]25D = -161.7 (c 0.88, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.02 (t, 
J = 7.0 Hz, 3H), 1.17 (s, 9H), 2.36 (s, 3H), 3.86 (q, J = 7.0 Hz, 2H), 5.42 (s, 1H), 5.87 
(s, 1H), 6.21 (s, 1H), 7.08 (t, J = 7.6 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 7.44-7.47 (m, 
2H), 7.53 (t, J = 7.6 Hz, 1H), 7.66 (t, J = 7.6 Hz, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.83 
(d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.98, 21.43, 27.37, 49.67, 60.94, 
83.69, 88.76, 123.91, 125.35, 126.11, 126.24, 128.03, 128.52, 129.75, 130.02, 131.28, 
133.83, 137.08, 138.20, 139.26, 146.70, 166.26, 166.80, 169.57; HRMS (ESI) m/z 
calcd for C26H28O6 [M+Na]+ = 459.1777, found = 459.1779; The ee value was 95%, tR 
(major) = 9.6 min, tR (minor) = 17.9 min (Chiralcel IC-H, λ = 220 nm, 20% 




A colorless oil; [α]25D = -147.1 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.03 (t, 
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J = 7.0 Hz, 3H), 1.21 (s, 9H), 3.87 (q, J = 7.0 Hz, 2H), 5.43 (s, 1H), 5.82 (s, 1H), 6.23 
(s, 1H), 7.21-7.24 (m, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H), 
7.64-7.68 (m, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.84 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 13.97, 27.46, 49.27, 61.12, 84.14, 88.34, 122.58, 123.84, 125.48, 
126.20, 127.65, 130.18, 130.24, 130.55, 131.41, 132.23, 133.95, 136.68, 141.60, 
146.34, 166.15, 166.52, 169.27; HRMS (ESI) m/z calcd for C25H2579BrO6 [M+Na]+ = 
523.0727, found = 523.0741; C25H2581BrO6 [M+Na]+ = 525.0706 , found = 525.0722; 
The ee value was 98%, tR (major) = 8.7 min, tR (minor) = 14.6 min (Chiralcel IC-H, λ 







A colorless oil; [α]25D = -192.4 (c 0.90, CHCl3); 1H NMR (500 MHz, CDCl3) δ 0.99 (t, 
J = 7.0 Hz, 3H), 1.14 (s, 9H), 2.36 (s, 3H), 3.77-3.82 (m, 2H), 5.60 (s, 1H), 5.77 (s, 
1H), 6.25 (s, 1H), 7.17-7.20 (m, 2H), 7.22-7.25 (m, 1H), 7.53 (t, J = 7.6 Hz, 1H), 7.66 
(t, J = 7.6 Hz, 1H), 7.83 (d, J = 7.6 Hz, 2H), 8.06 (d, J = 8.2 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 13.98, 21.12, 27.35, 46.35, 60.83, 83.65, 88.64, 124.36, 125.32, 
126.30, 126.45, 127.27, 128.33, 130.07, 130.43, 132.76, 133.63, 135.97, 136.26, 
138.28, 146.51, 166.25, 166.78, 169.41; HRMS (ESI) m/z calcd for C26H28O6 
[M+Na]+ = 459.1777, found = 459.1775; The ee value was 97%, tR (major) = 11.0 min, 
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A colorless oil; [α]25D = -222.1 (c 0.95, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.01 (t, 
J = 7.0 Hz, 3H), 1.18 (s, 9H), 3.79-3.86 (m, 2H), 5.71 (s, 1H), 5.90 (s, 1H), 6.32 (s, 
1H), 7.16 (dt, J = 1.3 Hz, 7.6 Hz, 1H), 7.37 (dt, J = 1.3 Hz, 7.6 Hz, 1H), 7.54 (t, J = 
7.6 Hz, 1H), 7.60 (dd, J = 1.3 Hz, 8.7 Hz, 1H), 7.67-7.71 (m, 1H), 7.82 (d, J = 7.6 Hz, 
1H), 7.89 (d, J = 7.6 Hz, 1H), 8.19-8.20 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 
13.96, 27.38, 49.51, 60.81, 83.97, 88.35, 124.80, 124.86, 125.26, 126.03, 127.87, 
128.86, 130.18, 130.21, 133.09, 133.22, 133.64, 135.21, 139.42, 146.06, 165.76, 
165.82, 169.18; HRMS (ESI) m/z calcd for C25H2579BrO6 [M+Na]+ = 523.0727, found 
= 523.0741; C25H2581BrO6 [M+Na]+ = 525.0706 , found = 525.0722; The ee value was 
95%, tR (major) = 12.6 min, tR (minor) = 22.8 min (Chiralcel IC-H, λ = 220 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S)-tert-Butyl-1-((R)-1-(2,4-dichlorophenyl)-2-(ethoxycarbonyl)allyl)-3-oxo-1,3-dihy
droisobenzofuran-1-carboxylate 6-3o 
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Cl 6-3o  
A colorless oil; [α]25D = -232.3 (c 0.85, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.02 (t, 
J = 7.0 Hz, 3H), 1.22 (s, 9H), 3.80-3.87 (m, 2H), 5.66 (s, 1H), 5.89 (s, 1H), 6.28 (s, 
1H), 7.30-7.32 (m, 1H), 7.43 (d, J = 1.9 Hz, 1H), 7.53-7.56 (m, 1H), 7.68 (t, J = 7.6 
Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H), 7.86 (d, J = 8.2 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H); 
13C NMR (125 MHz, CDCl3) δ 13.95, 27.46, 49.26, 60.93, 84.19, 88.08, 124.63, 
125.39, 126.09, 127.36, 129.61, 130.31, 130.82, 132.62, 133.72, 133.93, 134.98, 
135.31, 136.48, 145.85, 165.75, 165.81, 169.01; HRMS (ESI) m/z calcd for 
C25H24Cl2O6 [M+Na]+ = 513.0842, found = 513.0851; The ee value was 97%, tR 
(major) = 10.0 min, tR (minor) = 15.4 min (Chiralcel IC-H, λ = 220 nm, 20% 








A colorless oil; [α]25D = -121.2 (c 0.88, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.02 (t, 
J = 7.0 Hz, 3H), 1.26 (s, 9H), 3.84-3.89 (m, 2H), 5.73 (s, 1H), 5.97 (s, 1H), 6.25 (s, 
1H), 6.97 (dd, J = 3.3 Hz, 5.1 Hz, 1H), 7.22 (dd, J = 1.3 Hz, 5.1 Hz, 1H), 7.41 (t, J = 
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3.2 Hz, 1H), 7.53 (t, J = 2.6 Hz, 1H), 7.64 (t, J = 2.6 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 
7.82 (t, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.97, 27.43, 44.80, 61.04, 
84.01, 88.77, 124.03, 124.86, 125.44, 126.41, 126.86, 127.47, 130.18, 131.64, 133.76, 
136.28, 140.17, 145.66, 165.91, 166.34, 169.25; HRMS (ESI) m/z calcd for 
C23H24O6S [M+Na]+ = 451.1186, found = 451.1183; The ee value was 96%, tR (major) 
= 9.7 min, tR (minor) = 23.7 min (Chiralcel IC-H, λ = 220 nm, 20% i-PrOH/hexanes, 




A colorless oil; [α]25D = -113.1 (c 0.88, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.02 (t, 
J = 7.0 Hz, 3H), 1.30 (s, 9H), 3.85 (q, J = 7.0 Hz, 2H), 5.37 (s, 1H), 5.82 (s, 1H), 6.20 
(s, 1H), 6.51 (d, J = 1.4 Hz, 1H), 7.38 (d, J = 1.3 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 
7.62-7.65 (m, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.81 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 13.98, 27.53, 41.57, 60.94, 83.92, 88.77, 111.30, 122.34, 124.17, 
125.35, 126.47, 130.09, 131.17, 133.65, 136.52, 141.29, 142.77, 145.71, 166.34, 
166.62, 169.34; HRMS (ESI) m/z calcd for C23H24O7 [M+Na]+ = 435.1414, found = 
435.1410; The ee value was 97%, tR (major) = 8.5 min, tR (minor) = 17.7 min 
(Chiralcel IC-H, λ = 220 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
 
PHD DISSERTATION 2012                                ZHONG FANGRUI 









A white solid; [α]25D = -180.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.04 (t, 
J = 7.0 Hz, 3H), 1.10 (s, 9H), 3.88 (q, J = 7.0 Hz, 2H), 5.65 (s, 1H), 5.88 (s, 1H), 6.23 
(s, 1H), 7.45-7.51 (m, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.64 (dd, J = 1.9 Hz, 8.9 Hz, 1H), 
7.67 (d, J = 1.3 Hz, 1H), 6.69-7.71 (m, 1H), 7.83 (d, J = 7.6 Hz, 2H), 7.85-7.87 (m, 
1H), 7.90 (d, J = 7.6 Hz, 1H), 8.23 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 13.99, 
27.39, 49.80, 61.02, 83.85, 88.75, 123.96, 125.43, 125.99, 126.21, 126.26, 127.40, 
127.49, 127.52, 128.15, 128.29, 130.10, 131.71, 132.45, 133.40, 133.90, 136.90, 
137.08, 146.65, 166.34, 166.82, 169.59; HRMS (ESI) m/z calcd for C29H28O6 
[M+Na]+ = 495.1778, found = 495.1775; The ee value was 99%, tR (major) = 10.8 
min, tR (minor) = 15.0 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow 
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A colorless oil; diastereomeric ratio: 2 to 1 and the diastereomers could not be 
separated. 1H NMR (500 MHz, CDCl3) the major isomer: δ 1.07 (t, J = 7.0 Hz, 3H), 
1.42 (d, J = 6.9 Hz, 3H), 1.50 (s, 9H), 3.86-3.91 (m, 2H), 4.26-4.32 (m, 1H), 5.82 (s, 
1H), 6.14 (s, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.58-7.63 (m, 1H), 7.68 (d, J = 7.6 Hz, 1H), 
7.79 (d, J = 7.6 Hz, 1H); the minor isomer: δ 0.79 (t, J = 6.9 Hz, 3H), 1.36 (d, J = 6.9 
Hz, 3H), 1.39 (s, 9H), 4.00 (q, J = 7.0 Hz, 2H), 4.26-4.32 (m, 1H), 6.36 (s, 1H), 6.44 
(s, 1H), 7.58-7.63 (m, 1H), 7.68 (d, J = 7.6 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.93 (d, 
J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.99, `4.24, `4.77, 16.04, 27.64, 
27.81, 38.26, 39.68, 60.74, 61.04, 83.62, 83.66, 89.13, 90.08, 122.10, 124.06, 125.23, 
125.81, 126.30, 127.22, 128.29, 129.81, 130.20, 133.38, 134.59, 138.64, 141.35, 
146.34, 147.72, 166.82, 166.93, 169.45; HRMS (ESI) m/z calcd for C20H24O6 
[M+Na]+ = 383.1465, found = 383.1452; The ee value of the major isomer was 99%, 
tR (major) = 12.1 min and 16.3 min, tR (minor) = 9.9 min and 32.9 min (Chiralcel 




A colorless oil; diastereomeric ratio: 2 to 1 and the diastereomers could not be 
separated. 1H NMR (500 MHz, CDCl3) the major isomer: δ 0.90 (d, J = 6.9 Hz, 3H), 
0.95 (d, J = 6.3 Hz, 3H), 1.05 (t, J = 7.0 Hz, 3H), 1.35-1.40 (m, 2H), 1.49 (s, 9H), 
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1.95-2.00 (m, 1H), 3.87-3.91 (m, 2H), 4.26-4.27 (m, 1H), 5.78 (s, 1H), 6.14 (s, 1H), 
7.47 (t, J = 7.0 Hz, 1H), 7.55-7.58 (m, 1H), 7.60-7.70 (m, 1H), 7.77 (d, J = 7.6 Hz, 
1H); the minor isomer: δ 0.69 (d, J = 7.0 Hz, 3H), 0.74 (d, J = 6.9 Hz, 3H), 1.34 (t, J 
= 7.0 Hz, 3H), 1.35 (s, 9H), 1.35-1.40 (m, 3H), 3.99-4.02 (m, 1H), 4.27-4.29 (m, 2H), 
6.28 (s, 1H), 6.51 (s, 1H), 7.59 (t, J = 7.0 Hz, 1H), 7.60-7.70 (m, 1H), 7.72 (t, J = 7.0 
Hz, 1H), 7.90 (t, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.99, 14.02, 21.10, 
21.14, 23.95, 23.98, 24.76, 25.57, 27.60, 27.82, 29.69, 39.97, 41.58, 60.76, 61.04, 
83.65, 83.77, 89.72, 90.69, 122.07, 123.68, 125.31, 125.80, 126.36, 128.27, 128.56, 
129.77, 130.17, 133.43, 134.53, 136.86, 140.60, 146.38, 147.75, 166.64, 166.81, 
167.07, 167.15, 169.51. HRMS (ESI) m/z calcd for C23H30O6 [M+Na]+ = 425.1935, 
found = 425.1936; The ee value of the major isomer was 98%, tR (minor) = 7.5 min 
and 12.9 min, tR (major) = 9.0 min and 14.1 min (Chiralcel IC-H, λ = 220 nm, 20% 








A colorless oil; [α]25D = -132.7 (c 0.88, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.11 (t, 
J = 7.0 Hz, 3H), 1.18 (s, 9H), 3.91-4.00 (m, 2H), 5.40 (s, 1H), 5.83 (s, 1H), 6.23 (s, 
1H), 7.28 (d, J = 7.2 Hz, 1H), 7.34 (t, J = 7.6 Hz, 2H), 7.63 (d, J = 7.5 Hz, 2H), 
7.66-7.70 (m, 2H), 7.96 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 14.04, 27.42, 49.85, 
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61.27, 84.08, 88.24, 125.2, 126.58, 127.45, 127.52, 128.68, 129.06, 129.16, 131.50, 
133.69, 136.92, 138.85, 148.30, 165.77, 166.63, 168.41; HRMS (ESI) m/z calcd for 
C25H2579BrO6 [M+Na]+ = 523.0727, found = 523.0745; C25H2581BrO6 [M+Na]+ = 
525.0706 , found = 525.0728; The ee value was 99%, tR (major) = 8.4 min, tR (minor) 





A colorless oil; [α]25D = -102.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.08 (t, 
J = 7.0 Hz, 3H), 1.17 (s, 9H), 3.92 (q, J = 7.0 Hz, 2H), 5.43 (s, 1H), 5.87 (s, 1H), 6.28 
(s, 1H), 7.28-7.31 (m, 1H), 7.36 (t, J = 7.6 Hz, 2H), 7.63 (d, J = 7.0 Hz, 2H), 7.82 (dd, 
J = 1.3 Hz, 7.6 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 8.13 (s, 1H); 13C NMR (125 MHz, 
CDCl3) δ 14.01, 27.37, 49.81, 61.36, 84.92, 88.74, 117.28, 117.38, 126.17, 127.73, 
128.33, 128.80, 129.10, 129.70, 132.23, 133.70, 136.40, 138.44, 147.03, 165.23, 
166.45, 167.41; HRMS (ESI) m/z calcd for C26H25NO6 [M+Na]+ = 470.1574, found = 
470.1564; The ee value was 98%, tR (major) = 9.5 min, tR (minor) = 29.1 min 
(Chiralcel IC-H, λ = 220 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S)-tert-Butyl-6-bromo-1-((R)-1-(2,4-dichlorophenyl)-2-(ethoxycarbonyl)allyl)-3-oxo
-1,3-dihydroisobenzofuran-1-carboxylate 6-3w 
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A colorless oil; [α]25D = -203.8 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.10 (t, 
J = 7.0 Hz, 3H), 1.23 (s, 9H), 3.86-3.99 (m, 2H), 5.65 (s, 1H), 5.84 (s, 1H), 6.31 (s, 
1H), 7.31 (dd, J = 2.5 Hz, 8.8 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.69 (d, J = 2.5 Hz, 
2H), 8.00 (s, 1H), 8.09 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 13.98, 
27.46, 46.18, 61.27, 84.76, 87.53, 124.94, 126.56, 127.38, 128.06, 128.99, 129.67, 
130.68, 133.06, 133.94, 134.07, 134.93, 135.02, 135.97, 147.42, 165.30, 165.63, 
167.99; HRMS (ESI) m/z calcd for C25H2379BrCl2O6 [M+Na]+ = 590.9947, found = 
590.9949; C25H2381BrCl2O6 [M+Na]+ = 592.9932 , found = 592.9933; The ee value 
was 98%, tR (major) = 7.6 min, tR (minor) = 16.3 min (Chiralcel IC-H, λ = 254 nm, 20% 








A colorless oil; Z/E = 18:1, and the isomers could not be separated; [α]25D = -56.8 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.22 (d, J = 14.5 Hz, 1H), 
3.42 (d, J = 15.2 Hz, 1H), 7.15 (s, 1H), 7.37 (dd, J = 1.9 Hz, 5.0 Hz, 3H), 7.60-7.64 
(m, 3H), 7.72-7.77 (m, 2H), 7.90 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
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27.74, 41.65, 84.67, 86.10, 102.51, 118.33, 122.74, 125.77, 126.08, 128.79, 128.86, 
130.64, 130.66, 133.02, 134.67, 146.17, 149.69, 166.40, 168.58; HRMS (ESI) m/z 
calcd for C23H21NO4 [M+Na]+ = 398.1363, found = 398.1354; The ee value for 
Z-isomer was 98%, tR (major) = 17.1 min, tR (minor) = 21.1 min (Chiralcel IC-H, λ = 




A colorless oil; Z/E = 12:1, and the isomers could not be separated; [α]25D = -131.5 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.18 (d, J = 14.5 Hz, 1H), 
3.38 (d, J = 15.1 Hz, 1H), 3.81 (s, 3H), 6.86 (d, J = 8.8 Hz, 2H), 7.05 (s, 1H), 
7.60-7.63 (m, 3H), 7.72-7.77 (m, 2H), 7.88 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.76, 41.71, 55.35, 84.58, 86.30, 99.04, 114.19, 118.92, 122.79, 125.82, 
126.02, 130.59, 130.81, 131.09, 134.61, 146.27, 149.17, 161.47, 166.48, 168.65; 
HRMS (ESI) m/z calcd for C24H23NO5 [M+Na]+ = 428.1468, found = 428.1470; The 
ee value for Z-isomer was 98%, tR (major) = 29.6 min, tR (minor) = 36.1 min 
(Chiralcel IC-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S,Z)-tert-Butyl-1-(3-(4-chlorophenyl)-2-cyanoallyl)-3-oxo-1,3-dihydroisobenzofuran
-1-carboxylate 6-7c 
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A colorless oil; Z/E = 15:1, and the isomers could not be separated; [α]25D = -152.7 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.19 (d, J = 15.1 Hz, 1H), 
3.42 (d, J = 14.5 Hz, 1H), 7.10 (s, 1H), 7.33-7.35 (m, 2H), 7.55 (d, J = 8.9 Hz, 2H), 
7.63 (t, J = 7.6 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 7.76-7.78 (m, 1H), 7.89 (d, J = 7.6 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.77, 41.63, 84.77, 86.00, 103.31, 118.05, 
122.71, 125.76, 126.12, 129.13, 130.10, 130.73, 131.46, 134.72, 136.68, 146.17, 
148.17, 166.34, 168.51; HRMS (ESI) m/z calcd for [M+Na]+ = 432.0973, found = 
432.0976; The ee value for Z-isomer was 98%, tR (major) = 17.3 min, tR (minor) = 










A colorless oil; Z/E = 9:1, and the isomers could not be separated; [α]25D = -93.1 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.19 (d, J = 15.1 Hz, 1H), 
3.41 (d, J = 14.5 Hz, 1H), 7.03-7.11 (m, 2H), 7.13 (s, 1H), 7.61-7.64 (m, 3H), 7.72 (t, 
J = 7.6 Hz, 1H), 7.76 (t, J = 7.3 Hz, 1H), 7.90 (t, J = 7.6 Hz, 1H); 13C NMR (125 
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MHz, CDCl3) δ 27.77, 41.61, 84.74, 86.07, 102.24, 116.02 (d, J = 21.9 Hz), 118.23, 
122.74, 125.78, 126.11, 129.29, 130.72, 131.03 (d, J = 4.1 Hz), 134.72, 146.19, 
148.32, 163.81 (d, J = 251.4 Hz), 166.38, 168.57; HRMS (ESI) m/z calcd for 
C23H20FNO4 [M+Na]+ = 416.1269, found = 416.1266; The ee value for Z-isomer was 
98%, tR (major) = 15.8 min, tR (minor) = 19.3 min (Chiralcel IC-H, λ = 220 nm, 30% 




A colorless oil; Z/E = 9:1, and the isomers could not be separated; [α]25D = -125.4 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.23 (d, J = 13.9 Hz, 1H), 
3.49 (d, J = 15.2 Hz, 1H), 7.25 (s, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.72-7.80 (m, 4H), 
7.91 (d, J = 7.6 Hz, 1H), 8.23 (dd, J = 1.9 Hz, 6.9 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 27.75, 41.63, 85.01, 85.73, 107.58, 117.33, 122.60, 124.05, 125.61, 126.23, 
129.59, 130.90, 134.90, 138.80, 146.04, 146.78, 148.51, 166.16, 168.41; HRMS (ESI) 
m/z calcd for C23H20N2O6 [M+Na]+ = 443.1214, found = 443.1218; The ee value for 
the Z-isomer was 98%, tR (major) = 11.4 min, tR (minor) = 28.8 min (Chiralcel IA-H, 
λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S,Z)-tert-Butyl-1-(2-cyano-3-(3-cyanophenyl)allyl)-3-oxo-1,3-dihydroisobenzofuran-
1-carboxylate 6-7f 
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A colorless oil; Z/E >25:1, and the isomers could not be separated; [α]25D = -89.1 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.22 (d, J = 15.8 Hz, 1H), 
3.46 (d, J = 15.2 Hz, 1H), 7.15 (s, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.65 (t, J = 7.6 Hz, 
2H), 7.72 (d, J = 7.6 Hz, 1H), 7.77-7.80 (m, 2H), 7.86 (d, J = 7.6 Hz, 1H), 7.91 (d, J = 
8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.75, 41.50, 84.96, 85.75, 106.18, 
113.42, 117.37, 117.81, 122.62, 125.63, 126.22, 129.83, 130.90, 132.21, 132.46, 
133.62, 134.17, 134.88, 146.02, 146.86, 166.19, 168.46; HRMS (ESI) m/z calcd for 
C24H20N2O4 [M+Na]+ = 423.1315, found = 423.1311; The ee value for Z-isomer was 
98%, tR (major) = 9.3 min, tR (minor) = 17.0 min (Chiralcel IA-H, λ = 220 nm, 30% 








A colorless oil; Z/E = 12:1, and the isomers could not be separated; [α]25D = -79.1 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 2.33 (s, 3H), 3.21 (d, J = 
14.5 Hz, 1H), 3.40 (d, J = 15.1 Hz, 1H), 7.10 (s, 1H), 7.18 (d, J = 7.6 Hz, 1H), 7.24 (d, 
J = 7.6 Hz, 1H), 7.40 (s, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.62 (td, J = 1.3 Hz, 7.6 Hz, 
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1H), 7.72-7.78 (m, 2H), 7.89 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
21.25, 27.71, 41.69, 84.64, 86.16, 102.13, 118.41, 122.79, 125.84, 125.96, 126.09, 
128.69, 129.57, 130.65, 131.50, 133.03, 134.64, 138.53, 146.23, 149.87, 166.45, 
168.60; HRMS (ESI) m/z calcd for C24H23NO4 [M+Na]+ = 412.1519, found = 
412.1515; The ee value for Z-isomer was 98%, tR (major) = 18.6 min, tR (minor) = 





A colorless oil; Z/E = 10:1, and the isomers could not be separated; [α]25D = -92.0 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.20 (d, J = 15.2 Hz, 1H), 
3.43 (d, J = 15.2 Hz, 1H), 7.08 (s, 1H), 7.23 (d, J = 8.2 Hz, 1H), 7.50 (d, J = 8.2 Hz, 
1H), 7.58 (d, J = 7.6 Hz, 1H), 7.63 (t, J = 7.6 Hz, 1H), 7.68 (s, 1H), 7.72 (d, J = 8.2 
Hz, 1H), 7.77 (t, J = 7.6 Hz, 1H), 7.91 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.76, 41.61, 84.80, 85.94, 104.53, 117.73, 122.68, 122.87, 125.75, 126.16, 
127.08, 130.32, 130.77, 131.79, 133.52, 134.74, 134.96, 146.14, 147.77, 166.31, 
168.48; HRMS (ESI) m/z calcd for C23H2079BrNO4 [M+Na]+ = 476.0468, found = 
476.0470; C23H2081BrNO4 [M+Na]+ = 478.0447, found = 478.0451; The ee value for 
Z-isomer was 98%, tR (major) = 16.1 min, tR (minor) = 19.8 min (Chiralcel IC-H, λ = 
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A colorless oil; Z/E = 18:1, and the isomers could not be separated; [α]25D = -92.6 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.21 (d, J = 14.5 Hz, 1H), 
3.43 (d, J = 15.2 Hz, 1H), 7.09 (s, 1H), 7.29-7.32 (m, 1H), 7.35 (d, J = 7.8 Hz, 1H), 
7.52 (d, J = 7.6 Hz, 1H), 7.54 (s, 1H), 7.62-7.65 (m, 1H), 7.72 (d, J = 7.6 Hz, 1H), 
7.77 (td, J = 1.3 Hz, 7.6 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 27.76, 41.61, 84.80, 85.93, 104.45, 117.77, 122.68, 125.75, 126.17, 126.73, 
128.83, 130.10, 130.61, 130.77, 134.68, 134.75, 134.87, 146.13, 147.93, 166.32, 
168.50; HRMS (ESI) m/z calcd for C23H20ClNO4 [M+Na]+ = 432.0973, found = 
432.0974; The ee value for Z-isomer was 99%, tR (major) = 15.9 min, tR (minor) = 
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A colorless oil; Z/E = 21:1, and the isomers could not be separated; [α]25D = -39.8 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.20 (d, J = 14.5 Hz, 1H), 
3.43 (d, J = 14.5 Hz, 1H), 7.06-7.10 (m, 1H), 7.12 (s, 1H), 7.32-7.38 (m, 3H), 7.63 (t, 
J = 8.1 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 7.77 (t, J = 7.0 Hz, 1H), 7.90 (d, J = 7.6 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ 27.77, 41.61, 84.80, 85.96, 104.26, 115.38 (d, J 
= 2.8 Hz), 117.55, 117.78 (d, J = 13.7 Hz), 122.71, 124.80 (d, J = 3.6 Hz), 125.75, 
126.15, 130.44 (d, J = 8.2 Hz), 130.77, 134.75, 134.98 (d, J = 8.2 Hz), 146.13, 148.12, 
162.68 (d, J = 245.9 Hz), 166.34, 168.51; HRMS (ESI) m/z calcd for C23H20FNO4 
[M+Na]+ = 416.1269, found = 416.1266; The ee value for Z-isomer was 97%, tR 
(major) = 15.3 min, tR (minor) = 18.3 min (Chiralcel IC-H, λ = 254 nm, 30% 




A colorless oil; Z/E >25:1, and the isomers could not be separated; [α]25D = -61.7 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 2.26 (s, 3H), 3.29 (d, J = 
15.1 Hz, 1H), 3.44 (d, J = 14.5 Hz, 1H), 7.15-7.19 (m, 2H), 7.24 (d, J = 7.6 Hz, 1H), 
7.36 (s, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.62 (td, J = 1.3 Hz, 7.3 Hz, 1H), 7.73 (d, J = 
6.9 Hz, 1H), 7.76 (d, J = 6.9 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 19.65, 27.78, 41.05, 84.65, 86.00, 104.65, 118.04, 122.82, 125.94, 126.10, 
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126.19, 127.71, 130.24, 130.35, 130.70, 132.55, 134.70, 137.13, 146.08, 149.23, 
166.48, 168.63; HRMS (ESI) m/z calcd for C24H23NO4 [M+Na]+ = 412.1519, found = 
412.1515; The ee value for Z-isomer was 97%, tR (major) = 17.2 min, tR (minor) = 









A colorless oil; Z/E = 11:1, and the isomers could not be separated; [α]25D = -44.8 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.28 (d, J = 15.1 Hz, 1H), 
3.50 (d, J = 15.2 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 7.28-7.32 (m, 1H), 7.37-7.38 (m, 
1H), 7.42 (s, 1H), 7.62-7.65 (m, 2H), 7.72 (d, J = 7.6 Hz, 1H), 7.75-7.78 (m, 1H), 
7.93 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.76, 41.19, 84.71, 85.93, 
106.36, 117.51, 122.68, 125.91, 126.15, 127.08, 129.20, 129.72, 130.72, 131.41, 
131.66, 134.17, 134.72, 146.14, 146.56, 166.43, 168.50; HRMS (ESI) m/z calcd for 
C23H20ClNO4 [M+Na]+ = 432.0973, found = 432.0976; The ee value for Z-isomer was 
96%, tR (major) = 22.6 min, tR (minor) = 28.5 min (Chiralcel IC-H, λ = 220 nm, 30% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S,Z)-tert-Butyl-1-(2-cyano-3-(3,4-dichlorophenyl)allyl)-3-oxo-1,3-dihydroisobenzof
uran-1-carboxylate 6-7m 
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A white solid; Z/E = 11:1, and the isomers could not be separated; [α]25D = -158.3 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.19 (d, J = 13.9 Hz, 1H), 
3.43 (d, J = 14.5 Hz, 1H), 7.06 (s, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.49 (dd, J = 1.9 Hz, 
8.8 Hz, 1H), 7.62-7.66 (m, 2H), 7.71 (d, J = 7.6 Hz, 1H), 7.77 (t, J = 8.9 Hz, 1H), 
7.90 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.74, 41.57, 84.88, 85.85, 
104.83, 117.61, 122.63, 125.64, 126.19, 127.61, 130.66, 130.82, 130.86, 132.78, 
133.24, 134.81, 146.06, 146.74, 166.23, 168.48; HRMS (ESI) m/z calcd for 
C23H19Cl2NO4 [M+Na]+ = 466.0583, found = 466.0602; The ee value for Z-isomer 
was 98 %, tR (major) = 15.8 min, tR (minor) = 18.6 min (Chiralcel IC-H, λ = 220 nm, 




A white solid; Z/E = 14:1, and the isomers could not be separated; [α]25D = -193.3 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 3.21 (d, J = 14.5 Hz, 1H), 
3.48 (d, J = 14.5 Hz, 1H), 7.15 (s, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.65 (d, J = 7.5 Hz, 
1H), 7.71 (d, J = 7.6 Hz, 1H), 7.77-7.80 (m, 1H), 7.82 (dd, J = 1.9 Hz, 7.6 Hz, 1H), 
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7.91 (d, J = 7.6 Hz, 1H), 8.03 (d, J = 2.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 
27.74, 41.50, 85.05, 85.67, 107.02, 117.16, 122.55, 125.54, 125.82, 126.26, 128.89, 
130.93, 132.32, 132.52, 132.74, 134.93, 145.40, 145.99, 166.11, 168.40; HRMS (ESI) 
m/z calcd for C23H19ClN2O6 [M+Na]+ = 477.0824, found = 477.0828; The ee value for 
Z-isomer was 98%, tR (major) = 12.7 min, tR (minor) = 26.2 min (Chiralcel IA-H, λ = 








A colorless oil; Z/E = 7:1, and the isomers could not be separated; [α]25D = -36.8 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.47 (s, 9H), 3.37 (d, J = 14.5 Hz, 1H), 
3.56 (d, J = 14.5 Hz, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.50-7.58 (m, 2H), 7.62-7.67 (m, 
2H), 7.76-7.81 (m, 3H), 7.84-7.88 (m, 3H), 7.92 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.80, 41.10, 84.75, 86.09, 106.42, 117.99, 122.81, 123.48, 125.30, 
125.94, 126.20, 126.44, 126.61, 127.06, 128.69, 130.58, 130.72, 131.04, 133.35, 
134.77, 146.20, 148.65, 166.54, 168.64; HRMS (ESI) m/z calcd for C27H23NO4 
[M+Na]+ = 448.1519, found = 448.1523; The ee value for Z-isomer was 97%, tR 
(major) = 20.6 min, tR (minor) = 26.2 min (Chiralcel IC-H, λ = 254 nm, 30% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(S,Z)-tert-Butyl-1-(2-cyano-3-(thiophen-2-yl)allyl)-3-oxo-1,3-dihydroisobenzofuran-1
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A colorless oil; Z/E = 25:1, and the isomers could not be separated; [α]25D = 90.4 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.16 (d, J = 14.5 Hz, 1H), 
3.38 (d, J = 15.2 Hz, 1H), 7.06 (t, J = 4.4 Hz, 1H), 7.27 (s, 1H), 7.46 (d, J = 4.5 Hz, 
1H), 7.62-7.64 (m, 2H), 7.71 (d, J = 7.6 Hz, 1H), 7.76 (t, J = 7.6 Hz, 1H), 7.90 (d, J = 
7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.77, 41.16, 84.73, 86.23, 98.82, 118.60, 
122.69, 125.73, 126.13, 127.60, 130.06, 130.69, 132.44, 134.71, 136.90, 141.75, 
146.28, 166.38; HRMS (ESI) m/z calcd for C21H19NO4S [M+Na]+ = 404.0927, found 
= 404.0915; The ee value for Z-isomer was 91%, tR (major) = 19.7 min, tR (minor) = 





A colorless oil; Z/E = 5:1, and the isomers could not be separated; [α]25D = -239.9 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (s, 9H), 3.11 (d, J = 15.1 Hz, 1H), 
3.34 (d, J = 15.1 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 6.95-7.04 (m, 2H), 7.31-7.36 (m, 
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3H), 7.45-7.46 (m, 2H), 7.63 (t, J = 7.6 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.73-7.77 
(m, 1H), 7.91 (d, J = 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 27.75, 40.19, 84.67, 
86.15, 103.81, 117.49, 122.58, 123.92, 125.74, 126.13, 127.57, 128.83, 129.61, 
130.65, 134.68, 135.39, 141.63, 146.30, 149.99, 166.38, 168.62; HRMS (ESI) m/z 
calcd for C25H23NO4 [M+Na]+ = 424.1519, found = 424.1529; The ee value for 
Z-isomer was 91%, tR (major) = 23.8 min, tR (minor) = 28.6 min (Chiralcel IA-H, λ = 









A colorless oil; Z/E >25:1, and the isomers could not be separated; [α]25D = -44.8 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.44 (s, 9H), 2.58-2.61 (m, 2H), 
2.63-2.66 (m, 2H), 3.01 (d, J = 14.5 Hz, 1H), 3.22 (d, J = 14.5 Hz, 1H), 6.42 (t, J = 
7.6 Hz, 1H), 7.14 (d, J = 7.0 Hz, 2H), 7.17-7.21 (m, 1H), 7.27-7.30 (m, 2H), 
7.60-7.65 (m, 2H), 7.74 (t, J = 7.6 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.75, 33.42, 34.36, 39.89, 84.59, 85.78, 107.00, 116.65, 122.60, 
125.83, 126.05, 126.36, 128.34, 128.57, 130.65, 134.66, 139.88, 146.25, 153.93, 
166.39, 168.66; HRMS (ESI) m/z calcd for C25H25NO4 [M+Na]+ = 426.1676, found = 
426.1677; The ee value for Z-isomer was 95%, tR (major) = 9.6 min, tR (minor) = 13.5 
min (Chiralcel IA-H, λ = 220 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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(S)-tert-Butyl 1-(2-cyanoallyl)-3-oxo-1,3-dihydroisobenzofuran-1-carboxylate 6-7s 
 
A colorless oil; [α]25D = -50.1 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.44 (s, 
9H), 3.05 (d, J = 14.5 Hz, 1H), 3.32 (d, J = 14.5 Hz, 1H), 5.98 (s, 1H), 6.01 (s, 1H), 
7.62-7.66 (m, 2H), 7.75 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 7.6 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.71, 40.11, 84.78, 85.41, 115.31, 117.86, 122.43, 125.72, 126.19, 
130.75, 134.73, 136.98, 146.12, 166.24, 168.57; HRMS (ESI) m/z calcd for 
C17H17NO4 [M+Na]+ = 322.1050, found = 322.1059; The ee value was 93%, tR (major) 
= 9.3 min, tR (minor) = 10.5 min (Chiralcel IA-H, λ = 254 nm, 10% i-PrOH/hexanes, 




A white solid; Z/E >25:1, and the isomers could not be separated; [α]25D = -152.4 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.47 (s, 9H), 3.14 (d, J = 15.2 Hz, 1H), 
3.38 (d, J = 14.5 Hz, 1H), 7.09 (s, 1H), 7.35 (d, J = 8.9 Hz, 2H), 7.35 (d, J = 8.8 Hz, 
2H), 7.74-7.77 (m, 2H), 7.88 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 27.80, 41.89, 
85.34, 85.50, 102.92, 117.95, 124.61, 126.26, 127.30, 129.20, 130.03, 130.15, 131.32, 
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134.38, 136.87, 147.89, 148.38, 165.83, 167.48; HRMS (ESI) m/z calcd for 
C23H1979BrNO4 [M+Na]+ = 510.0078, found = 510.0073; C23H1981BrNO4 [M+Na]+ = 
512.0063, found = 512.0060; The ee value for Z-isomer was 98%, tR (major) = 15.5 
min, tR (minor) = 19.7 min (Chiralcel IC-H, λ = 220 nm, 30% i-PrOH/hexanes, flow 









A white solid; Z/E = 10:1, and the isomers could not be separated; [α]25D = -211.3 (c 
1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.48 (s, 9H), 3.23 (d, J = 15.1 Hz, 1H), 
3.45 (d, J = 14.5 Hz, 1H), 7.13 (s, 1H), 7.37-7.40 (m, 3H), 7.62 (dd, J = 1.9 Hz, 7.2 
Hz, 2H), 7.90-7.92 (m, 1H), 8.01 (d, J = 8.2 Hz, 1H), 8.05 (s, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.78, 41.94, 85.80, 86.03, 101.43, 117.09, 118.04, 118.26, 126.98, 
127.01, 128.70, 128.91, 129.32, 131.02, 132.65, 134.43, 146.48, 150.38, 165.41, 
166.51; HRMS (ESI) m/z calcd for C24H20N2O4 [M+Na]+ = 423.1315, found = 
423.1309; The ee value for Z-isomer was 97%, tR (major) = 21.9 min, tR (minor) = 
33.0 min (Chiralcel IC-H, λ = 220 nm, 30% i-PrOH/hexanes, flow rate = 1.0 
mL/min);  
6.4.5 X-Ray Crystallographic Analysis and Determination of Configurations of 
the AAA Products 
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To a solution of ester 6-3w (68.4 mg, 0.12 mmol) in anhydrous CH2Cl2 at room 
temperature was added TFA (92 μL, 1.2 mmol). The reaction mixture was stirred for 
12 h, and then solvent was removed under reduced pressure. The residue was purified 
by flash column chromatography to afford the acid 6-3w’ (60 mg, 97% yield) as a 
white solid. 
[α]25D = -165.3 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.13 (t, J = 7.0 Hz, 
3H), 3.85-4.02 (m, 2H), 5.60 (s, 1H), 5.84 (s, 1H), 6.29 (s, 1H), 7.26 (dd, J = 2.9 Hz, 
8.2 Hz, 2H), 7.40 (d, J = 1.9 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 8.2 Hz, 
1H), 8.01 (d, J = 8.8 Hz, 1H), 8.05 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 13.99, 
46.99, 61.45, 87.06, 124.75, 126.65, 127.46, 128.50, 129.36, 129.99, 130.08, 133.19, 
134.21, 134.32, 135.02, 135.12, 135.59, 146.66, 165.59, 167.82, 169.86; HRMS (ESI) 
m/z calcd for C25H2379BrCl2O6 [M-H]- = 510.9351, found = 510.9368; 
C25H2381BrCl2O6 [M+Na]- = 512.9330 , found = 512.9353. 
The absolute configuration of the product 6-3w’ (S, R) was assigned by X-ray 
crystallographic analysis of a single crystal of 6-3w’ (Figure 6.5), and the 
configuration of allylic alkylation 6-3w (S, R) was deduced. The configurations of 
other 6-5c-catalyzed allylic alkylation products were assigned by analogy. 
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Figure 6.5 X-ray structure of 6-3w’ 
Table 6.6 Crystal Data and Structure Refinement for B050. 
Identification code  b050 
Empirical formula  C21 H15 Br Cl2 O6 
Formula weight  514.14 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 8.8539(11) Å      = 90°. 
 b = 11.5917(14)       = 103.077(3)°. 
 c = 10.5166(12) Å     = 90°. 
Volume 1051.3(2) Å3 
Z 2 
Density (calculated) 1.624 Mg/m3 
Absorption coefficient 2.245 mm-1 
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F(000) 516 
Crystal size 0.60 x 0.38 x 0.08 mm3 
Theta range for data collection 1.99 to 27.47°. 
Index ranges -10<=h<=11, -15<=k<=14, -13<=l<=11 
Reflections collected 7442 
Independent reflections 4468 [R(int) = 0.0269] 
Completeness to theta = 27.47° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8408 and 0.3461 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4468 / 1 / 273 
Goodness-of-fit on F2 0.965 
Final R indices [I>2sigma(I)] R1 = 0.0316, wR2 = 0.0692 
R indices (all data) R1 = 0.0344, wR2 = 0.0700 
Absolute structure parameter 0.008(6) 
Largest diff. peak and hole 0.808 and -0.429 e.Å-3 
 
The absolute configuration of the product 6-7m (S, R) was assigned by X-ray 
crystallographic analysis of a single crystal of 6-7m (Figure 6.6). The configurations 
of other 6-12c-catalyzed allylic alkylation products 6-7 were assigned by analogy. 
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Figure 6.6 X-ray structure of 6-7m 
Table 6.7 Crystal Data and Structure Refinement for b426. 
Identification code  b426 
Empirical formula  C23 H19 Cl2 N O4 
Formula weight  444.29 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 14.1349(8) Å = 90°. 
 b = 23.3160(12) Å = 
96.4970(10)°. 
 c = 14.1781(8) Å = 90°. 
Volume 4642.7(4) Å3 
Z 8 
Density (calculated) 1.271 Mg/m3 
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Absorption coefficient 0.307 mm-1 
F(000) 1840 
Crystal size 0.60 x 0.50 x 0.36 mm3 
Theta range for data collection 1.45 to 27.49°. 
Index ranges -14<=h<=18, -26<=k<=30, -18<=l<=17 
Reflections collected 33117 
Independent reflections 20276 [R(int) = 0.0368] 
Completeness to theta = 27.49° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8975 and 0.8372 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 20276 / 37 / 1081 
Goodness-of-fit on F2 0.981 
Final R indices [I>2sigma(I)] R1 = 0.0816, wR2 = 0.2041 
R indices (all data) R1 = 0.1407, wR2 = 0.2416 
Absolute structure parameter -0.02(7) 
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Chapter 7 Asymmetric Michael Addition of 
3-Substitued Oxindoles Catalyzed by Amino 
















The first asymmetric Michael addition of 3-substituted oxindoles to MVK catalyzed by amino 
acid-derived bifunctional phosphines has been developed, furnishing biologically important chiral 
3,3-substituted oxindoles in high yields. The chirality of the Michael adducts is induced via asymmetric 
catalyst-substrate counterions assisted by cooperative H-bonding interactions 
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7.1 Introduction 
The research field of asymmetric nucleophilic phosphine catalysis has advanced 
rapidly as a versatile and convenient tool for the preparation of chiral organic 
compounds in the recent years.1 In general, reactions are initiated by the nucleophilic 
attack of tertiary phosphine to activated alkenes or alkynes to generate zwitterions, 
which would readily be trapped by electrophiles. Along this line, significant progress 
has been achieved in phosphine-mediated (aza)-MBH reactions2 and various types of 
annulation reactions.3 On the other hand, the zwitterion intermediates can also behave 
as organic bases which will deprotonate protic nucleophiles. Indeed, utilization of 
such an in-situ generated zwitterion as a strong base was first reported by White and 
Baizer two decades ago in the Michael addition of 2-nitropropane to electron deficient 
olefins.4 Since then, however, only sporadic examples have been described regarding 
to this conceptually simple Michael addition. 5  To the best of knowledge, the 
phosphine-catalyzed asymmetric Michael addition remains unknown, which is in 
stark contrast to remarkable efforts devoted to other sorts of reactions in phosphine 
catalysis1 including mechanistically relevant -additions.6 
The fact of unprecedented Michael addition by chiral phosphine catalysis might 
stem from the difficulty in asymmetric induction for the prochiral nucleophiles. The 
                                                              
1 See refs.8 in Chapter 1. 
2 See refs. 11 in Chapter 1. 
3 See refs.8 in Chapter 3. 
4 D. A. White, M. M. Baizer, Tetrahedron Lett. 1973, 14, 3597. 
5 (a) Yoshida, T.; Saito, S. Chem. Lett. 1982, 1587. (b) Grossman, R. B.; Pendharkar, D. S.; Patrick, B. O. J. Org. 
Chem. 1999, 64, 7178. (c) Zhao, G.-L.; Shi, M. Tetrahedron 2005, 61, 7277. (d) Gimbert, C.; Lumbierres, M.; 
Marchi, C.; Moreno-Mañas, M.; Sebastián, R. M.; Vallribera, A. Tetrahedron 2005, 61, 8598. (f) Wang, X.; Fang, 
F.; Zhao, C.; Tian, S.-K. Tetrahedron Lett. 2008, 49, 6442. 
6 (a) Trost, B. M.; Li, C.-J. J. Am. Chem. Soc. 1994, 116, 3167. (b) Zhang, C.; Lu, X. Synlett 1995, 645. (c) Smith, S. 
W.; Fu, G. C. J. Am. Chem. Soc. 2009, 131, 14231. (d) Sun, J.; C. Fu, G. C. J. Am. Chem. Soc. 2010, 132, 4568. (e) 
Fujiwara, Y.; Sun, J. and Fu G. C. Chem. Sci. 2011, 2, 2196. (f) Sinisi, R.; Sun, J. and Fu G. C. PNAS, 2010, 107, 
20652. (g) Chung, Y. K.; Fu, G. C. Angew. Chem. Int. Ed. 2009, 48, 2225. 
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reaction is triggered by the conjugate addition of phosphine to the electron deficient 
alkenes to generate zwitterions A, which serve as a base to deprotonate a nucleophile. 
The activated nucleophile, which is in a counterions form B with phosphonium, 
undergoes a subsequent conjugate addition, leading to another enolate phosphonium 
counterions C. Protonation of the enolate partner results in the formation of Michael 
adduct D and substrate counterions B. Accordingly, with a chiral phosphine as catalyst, 
the difficulty of asymmetric induction in the above cycle lies in the insufficient 
chirality transfer solely based on chiral catalyst-substrate counterion interaction, as 
demonstrated by literature study. 7  We envisaged that the introduction of an 
appropriately disposed H-bonding motif communicating with substrates might 
effectively assist reducing degree of rotational freedom of counterions B and induce a 
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7.2 Results and Discussion 
7.2.1 Reaction condition optimization 
To test the feasibility of the proposed working mode, 3-substituted oxindoles 7-1 
were selected as prochiral nucleophiles and the corresponding Michael adducts,8 3, 
3-disubstituted oxindoles, constitute a biologically significant class of compounds 
found in a wide range of natural products and pharmaceutical agents.9 Our initial 
investigation was performed with the model reaction between 3-phenyl oxindole 7-1a 
and methyl vinyl ketone (MVK) 7-2a catalyzed by a set of amino acid-derived10 
bifunctional phosphines (Figure 7.1). Notably, these chiral phosphines have been 
shown to be highly effective, tunable and versatile catalysts demonstrated in a number 






































7-5 7-6 7-7 7-8
O
 
Figure 7.1 Bifunctional phosphines examined 
                                                              
8 For selected examples on the Micheal additions of 3-substituted oxindoles, see: (a) Bui, T.; Syed, S.; Barbas III, C. 
F.; J. Am. Chem. Soc. 2009, 131, 8758; (b) He, R.; Ding, C.; Maruoka, K. Angew. Chem. Int. Ed. 2009, 48, 4559; (c) 
Y. Kato, M. Furutachi, Z. Chen, H. Mitsunuma, S. Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2009, 131, 9168; 
(d) Galzerano, P.; Bencivenni, G.; Pesciaioli, F.; Mazzanti, A.; Giannichi, B.; Sambri, L.; Bartoli, G.; Melchiorre, 
P. Chem.-Eur. J. 2009, 15, 7846; (e) He, R.; Shirakawa, S.; Maruoka, K. J. Am. Chem. Soc. 2009, 131, 16620; (f) 
Li, X.; Xi, Z.-G.; Luo, S.; Cheng, J.-P. Org. Biomol. Chem. 2010, 8, 77; (g) Li, X.; Zhang, B.; Xi, Z.-G.; Luo, S.; 
Cheng, J.-P. Adv. Synth. Catal. 2010, 352, 416; (h) Zhang, T.; Cheng, L.; Hameed, S.; Liu, L.; Wang, D.; Chen, 
Y.-J. Chem. Commun. 2011, 47, 6644; (i) Wang, C.; Yang, X.; Enders, D. Chem. -Eur. J. 2012, 18, 4832; (j) Liu, 
X.-L.; Wu, Z.-J.; Du, X.-L.; Zhang, X.-M.; Yuan, W.-C. J. Org. Chem. 2011, 76, 4008. 
9 See refs. 1 in Chapter 3 
10 See refs. 89 & 90 in Chapter 1. 
11 Wang, S.-X.; Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Synlett 2011, 2766. 
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When these phosphines were employed in the current Michael addition system 
using CHCl3 as solvent, indeed reaction proceeded to full conversion in just 5 minutes 
and we were delighted to observe certain degree of asymmetric induction (table 7.1). 
As expected, the Brønsted acid moieties of these catalysts played important role in 
controlling enantioselectivities (entries 1-4). Among them, phosphine amide 7-4d 
bearing a 3, 5-bistrifluoromethylbenzoyl group turned out to be a promising catalyst, 
furnishing the desired product in 59% ee (entry 4). However, variation on the steric 
hindrance of amide moiety or the side chains of amino acids by using introducing 
bulkier or smaller functional groups into catalyst 7-4e, 7-5 and 7-6 led to inferior 
results (entries 5-7). Modification of catalyst backbone using dipeptide scaffolds 
virtually led to much lower ee values (entries 8-9).  















7-1a 7-2a 7-3a  
 
entry catalyst time yield (%)b ee (%)c 
1 7-4a 5 min 95 33 
2 7-4b 5 min 94 20 
3 7-4c 5 min 96 5 
4 7-4d 5 min 97 59 
5 7-4e 5 min 93 30 
6 7-5 5 min 98 27 
7 7-6 5 min 93 32 
8 7-7 5 min 95 5 
9 7-8 5 min 94 19 
a Reactions were performed with 7-1a (0.05 mmol), 7-2a (0.15 mmol) and catalyst (0.005 mmol) 
in CHCl3 (0.75 mL). b Isolated yield. c Determined by HPLC analysis on a chiral stationary phase. 
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Subsequently, a solvent effect was examined using the best catalyst 7-4d and the 
results are summarized in Table 7.2. Among the different common solvent screened, 
CHCl3 remained the best reaction medium. In view of the ionic feature of reactive 
species during the process, some additives, such as molecular sieve, water and 
Cs2CO3 solution, were attempted in order to further improve the enantioselectivity. 
However, no positive results were obtained (entries 9-11). We were delighted to the ee 
value of 7-3a could be further improved by lowering the reaction temperature (entries 
10-11).When the reaction was performed at -50 oC for 20 hours, the desired Michael 
adduct was isolated in 96% yield and with 94% ee (entry 11). 
Table 7.2 Solvent Screening for the Michael Additions 
 
 
entrya solvent time yield (%)b ee (%)c 
1 CHCl3 5 min 97 59 
2 DCM 5 min 98 39 
3 DCE 5 min 94 34 
4 THF 5 min 92 0 
5 Et2O 5 min 95 0 
6 toluene 5 min 94 50 
7 xylene 5 min 98 52 
8 EA 5 min 93 12 
9d CHCl3 5 min 92 49 
10e CHCl3 5 min 91 60 
11f CHCl3 5 min 94 55 
12g CHCl3 10 min 94 76 
13h CHCl3 20 h 96 94 
a Reactions were performed with 7-1a (0.05 mmol), 7-2a (0.15 mmol) and 7-4d (0.005 mmol) in 
CHCl3 (0.75 mL). b Isolated yield. c Determined by HPLC analysis on a chiral stationary phase. d 
The reaction was performed in the presence of molecular sieve (4 Å, 20 mg). e 3 eqv. of H2O to 
7-1a was added. f 3 eqv. of 50% Cs2CO3 was added. g The reaction was performed at 0 oC. h The 
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reaction was performed at -50 oC. 
7.2.2 Substrate Scope 
The generality of the catalytic system was next evaluated by employing various 
3-substituted oxindoles as shown in Table 7.3. Differently substituted aryl oxindoles, 
containing electron-withdrawing groups and electron donating groups, were well 
tolerated when MVK were utilized as acceptor, and high yields and good to excellent 
enantioselectivities were attainable (entries 1-8). Notably, reaction also proceeded 
smoothly when oxindoles with alkyl substituent was used, albeit with dropped ee 
value (entry 9). Moreover, the substituents on the oxindole core also turned out to be 
suitable substrates (entries 10-14). When MVK was replaced with ethyl vinyl ketone, 
consistently high yield was achievable with slightly decreased enantioselectivity. The 
absolute configuration of the Michael adducts were determined by comparing the 
optical rotation of 7-3a with the value reported in the literature.8b 












CHCl3, -55 oC, 20 h
7-4d (10 mol%)
R2 R2
7-1 7-2 7-3  
entry R1/R2 R3 7-3, yield (%)b ee (%)c 
1 C6H5/H Me 7-3a, 96 94 
2 4-F-C6H4/H Me 7-3b, 93 92 
3 4-tBu-C6H4/H Me 7-3c, 89 95 
4 4-Ph-C6H4/H Me 7-3d, 93 94 
5 3-Me-C6H4/H Me 7-3e, 91 89 
6 3,5-Me-C6H3/H Me 7-3f, 88 76 
7 4-OMe/H Me 7-3g, 97 94 
8 2-naphthyl/H Me 7-3h, 94 90 
9d 2-OMeC6H4CH2/H Me 7-3i, 82 75 
10 C6H5/5-Me Me 7-3j, 95 95 
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11 C6H5/5-F Me 7-3k, 91 86 
12 C6H5/7-F Me 7-3l, 94 96 
13 C6H5/7-Cl Me 7-3m, 90 86 
14 C6H5/5,7-Me Me 7-3n, 90 91 
15 C6H5/ H Et 7-3o, 92 88 
a Reactions were performed with 7-1 (0.05 mmol), 7-2 (0.15 mmol) and 7-4d (0.005 mmol) in 
CHCl3 (0.75 mL). b Isolated yield. c Determined by HPLC analysis on a chiral stationary phase. d 
The reaction was performed at room temperature for 24 h.  
7.2.3 Mechanistic Consideration 
 
Scheme 7.2 Michael addition of 7-1a to MVK catalyzed by N-methylated phosphine 7-9 (top) 
and proposed transition-state model (bottom). 
The Brønsted acid motifs of the chiral phosphines was conceivably crucial as 
H-bonding donors for the asymmetric induction. Accordingly, we prepared the 
N-methylated phosphine 7-9 and applied it in the Michael addition of 7-1a to MVK 
under otherwise identical conditions. It was found that the amide NH was highly 
responsible for both reaction rate and stereoseletivity; the reaction was unable to 
proceed at the -55 oC in the presence of 7-9 and only 13% ee was furnished with 
much slowdown reaction rate at room temperature, which was in sharp contrast to 
reaction mediated by 7-4d (Table 1, entry 4). In view of the above experimental 
observations, we propose a plausible transition-state model as depicted in Scheme 7.2. 
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The enolate of deprotonated 7-1a is in cooperative interactions with phosphium cation 
via both counterions and H-bonding interactions and form a conformationally defined 
ion pair. The Re-face of the oxindole was blocked and MVK approaches its Si-face to 
yield (R)- 7-3a. 
 
7.3 Conclusions 
In summary, we have documented the first asymmetric Michael addition of 
3-substituted oxindoles to MVK catalyzed by amino acid-derived bifunctional 
phosphines, furnishing biologically important chiral 3,3-substituted oxindoles in high 
yields. The chirality of the Michael adducts is induced via asymmetric 
catalyst-substrate counterions assisted by cooperative H-bonding interactions. 
Extension of the described approach to other types of reactions, as well as mechanistic 
studies is underway in our laboratory. 
 
7.4 Experimental Section 
7.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
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AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 
doublet), br (broad singlet). Coupling constants were reported in Hertz (Hz). Low 
resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high 
resolution mass spectra were obtained on a Finnigan/MAT 95XL- T spectrometer. For 
thin layer chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) 
were used, and compounds were visualized with a UV light at 254 nm. Further 
visualization was achieved by staining with iodine, or ceric ammonium molybdate 
followed by heating on a hot plate. Flash chromatographic separations were 
performed on Merck 60 (0.040- 0.063 mm) mesh silica gel. The enantiomeric 
excesses of products were determined by chiral-phase HPLC analysis, using a Daicel 
Chiralcel IC-H column (250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column 
(250 x 4.6 mm). 
Oxindoles 7-1 were synthesized based on known methods. 12  The absolute 
configuration of 7-3a was assigned by comparing its specific rotation with that of the 
same compound reported in the literature,8b and the configurations of other Micheal 
adducts were assigned by analogy. 
7.4.2 Preparation of Catalysts 
                                                              
12 Ishimaru, T.; Shibata, N.; Horikawa, T.; Yasuda,N.; Nakamura, S.; Toru T. and Shiro. M. Angew. Chem. Int. Ed. 
2008, 47, 4157. 
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7-4e-1 7-4e-2  
To a solution of aminophosphine13 7-4e-1 (48 mg, 0.18 mmol) and Et3N (51 L, 
0.36 mmol) in anhydrous CH2Cl2 (1.0 mL) was slowly added a solution of 
1-adamantanecarbonyl chloride 7-4e-2 (43 mg, 0.22 mmol) at 0 oC. The resulting 
mixture was stirred at the same temperature for 1h and then warmed to room 
temperature. Water (2 mL) was added and the organic layer was separated. The aqueous 
phase was extracted with CH2Cl2 (2X3 mL). The combined organic layers was washed 
with brine and dried over Na2SO4. Solvent was removed under reduced pressure and 
the residue was purified column chromatography on silica gel using hexane/ethyl 
acetate (25:1) as an eluent to afford 7-4e (58 mg, 75% yield) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 0.87 (d, J = 3.8 Hz, 3H), 0.88 (d, J = 3.8 Hz, 3H), 
1.62-1.72 (m, 12H), 1.97-2.02 (m, 4H), 2.27-2.29 (m, 2H), 3.97-4.04 (m, 1H), 5.44 (d, 
J = 8.9 Hz, 1H), 7.29-7.41 (m, 8H), 7.47-7.50 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 
17..94, 18.87, 28.10, 31.45 (d, J = 13.7 Hz), 32.22 (d, J = 8.2 Hz), 36.45, 39.04, 40.60, 
51.76 (d, J = 14.6 Hz), 128.49 (d, J = 6.4 Hz), 128.50, 128.64 (d, J = 1.8 Hz), 132.65, 
132.80 (d, J = 1.8 Hz), 132.97, 138.43 (d, J = 13.8 Hz), 138.71 (d, J = 13.7 Hz), 
176.97; 31P NMR (121 MHz, CDCl3) δ -23.56; HRMS (ESI) m/z calcd for 
C28H36NOP[M+H]+ = 434.2609, found = 434.2616. 
                                                             
13 Kawamura, K.; Fukuzawa, H.; Hayashi, M. Org. Lett. 2008, 10, 3509. 
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To a solution of aminophosphine14 7-6-1 (53 mg, 0.22 mmol) and Et3N (62 L, 
0.44 mmol) in anhydrous CH2Cl2 (1.0 mL) was slowly added a solution of 
3,5-bis(trifluoromethyl)benzoyl chloride (49 L, 0.27 mmol) at 0 oC. The resulting 
mixture was stirred at the same temperature for 1h and then warmed to room 
temperature. Water (2 mL) was added and the organic layer was separated. The aqueous 
phase was extracted with CH2Cl2 (2x3 mL). The combined organic layers was washed 
with brine and dried over Na2SO4. Solvent was removed under reduced pressure and 
the residue was purified column chromatography on silica gel using hexane/ethyl 
acetate (25:1) as an eluent to afford 7-6 (87 mg, 82% yield) as a white solid. 
A white solid;  1H NMR (500 MHz, CDCl3) δ 1.46 (d, J = 7.0 Hz, 3H), 2.49 (d, J = 
7.0 Hz, 2H), 4.42-4.50 (m, 1H), 6.08 (br, 1H), 7.25-7.34 (m, 6H), 7.42 (td, J = 7.6 Hz, 
1.3 Hz, 2H), 7.49 (td, J = 7.6 Hz, 1.3 Hz, 2H), 7.96 (s, 3H); 13C NMR (125 MHz, 
CDCl3) δ 22.20 (d, J = 10.0 Hz), 35.80 (d, J = 15.5 Hz), 45.28 (d, J = 15.7 Hz), 
121.80, 123.97, 124.75 (d, J = 4.6 Hz), 127.11, 128.62 (d, J = 3.6 Hz), 128.68 (d, J = 
3.6 Hz), 128.95 (d, J = 10.0 Hz), 131.94 (q, J = 34.6 Hz), 132.64 (d, J = 10.9 Hz), 
132.79 (d, J = 12.3 Hz), 136.55, 137.70 (d, J = 10.9 Hz), 138.06 (d, J = 11.8 Hz), 
163.56; 31P NMR (121 MHz, CDCl3) δ -22.45; HRMS (ESI) m/z calcd for 
C24H20F6NOP [M+H]+ = 484.1259, found = 484.1266. 
7.4.3 Representative Procedure for the Michael Additions 
                                                              
14 Ito, M.; Osaku, A.; Kobayashi, C.; Shiibashi A. and Ikariya, T. Organometallics, 2009, 28, 390. 
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CHCl3, -50 oC, 24 h









A mixture of N-Boc oxindole 7-1a (15.5 mg, 0.05 mmol) and catalyst 7-4d (2.6 
mg, 0.005 mmol) in CHCl3 (0.75 mL) was cooled to -55 0 oC. Then methyl vinyl 
ketone 7-2a (12.5 L, 0.15 mmol) was added via syringe and the reaction was stirred 
at this temperature for 24 hrs. The reaction mixture was allowed to warm up to room 
temperature and CHCl3 was then removed and the residue was purified directly by 
column chromatography on silica gel using hexane/ethyl acetate (15:1 to 10:1) as an 
eluent to afford 7-3a as a colorless oil (18.2 mg, 96% yield). 
7.4.4 Analytical Data of the Micheal Products 






A colorless oil; [α]25D = +55.6 (c 1.00, CHCl3), (lit.[3]: [α]25D = -62.0 (c, 1.00, CHCl3)); 
1H NMR (500 MHz, CDCl3) δ 1.63 (s, 9H), 2.01 (s, 3H), 2.04-2.11 (m, 1H), 2.33-2.40 
(m, 1H), 2.46-2.52 (m, 1H), 2.72-2.78 (m, 1H), 7.18-7.33 (m, 7H), 7.38 (td, J = 1.5 
Hz, 8.0 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H); The characterization data were in agreement 
with values reported in the literature.[3] The ee value was 94%, tR (major) = 13.2 min, 
tR (minor) = 15.8 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 
1.0 mL/min). 
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(R)-tert-Butyl 3-(4-fluorophenyl)-2-oxo-3-(3-oxobutyl)indoline-1-carboxylate 7-3b 
 
A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.63 (s, 9H), 2.01 (s, 3H), 2.02-2.07 (m, 
1H), 2.31-2.38 (m, 1H), 2.42-2.48 (m, 1H), 2.68-2.74 (m, 1H), 6.99 (t, J = 8.5 Hz, 
2H), 7.17 (d, J = 7.4 Hz, 1H), 7.22-7.30 (m, 3H), 7.93 (t, J = 8.0 Hz, 1H), 7.95 (d, J = 
8.4 Hz, 1H); The characterization data were in agreement with values reported in the 
literature.[3] The ee value was 92%, tR (major) = 10.5 min, tR (minor) = 9.5 min 









A colorless oil; [α]25D = +62.2 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.27 (s, 
9H), 1.63 (s, 9H), 2.01 (s, 3H), 2.04-2.10 (m, 1H), 2.32-2.39 (m, 1H), 2.44-2.50 (m, 
1H), 2.71-2.77 (m, 1H), 7.19-7.24 (m, 4H), 7.31 (d, J = 8.5 Hz, 2H), 7.37 (td, J = 
8.9Hz, 1.9 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 28.07, 
29.97, 31.20, 31.73, 34.39, 38.77, 55.56, 84.58, 115.24, 124.68, 124.73, 125.63, 
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126.54, 128.62, 130.45, 136.33, 139.79, 149.23, 150.57, 176.72, 207.18; HRMS (ESI) 
m/z calcd for C27H33NO4 [M+Na]+ = 458.2302, found = 458.2316; The ee value was 
95%, tR (major) = 21.0 min, tR (minor) = 12.2 min (Chiralcel IC-H, λ = 254 nm, 20% 









A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.64 (s, 9H), 2.03 (s, 3H), 2.07-2.14 (m, 
1H), 2.36-2.43 (m, 1H), 2.50-2.56 (m, 1H), 2.76-2.82 (m, 1H), 7.22-7.27 (m, 2H), 
7.32-7.35 (m, 1H), 7.37-7.43 (m, 5H), 7.52-7.55 (m, 4H), 7.97 (d, J = 8.4 Hz, 1H); 
The characterization data were in agreement with values reported in the literature.[3] 
The ee value was 94%, tR (major) = 15.4 min, tR (minor) = 11.3 min (Chiralcel IC-H, 
λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 






A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.64 (s, 9H), 2.01 (s, 3H), 2.03-2.10 (m, 
1H), 2.31 (s, 3H), 2.32-2.39 (m, 1H), 2.44-2.50 (m, 1H), 2.71-2.77 (m, 1H), 7.06 (t, J 
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= 7.0 Hz, 2H), 7.14-7.23 (m, 4H), 7.36-7.39 (m, 1H), 7.94 (d, J = 8.4 Hz, 1H); The 
characterization data were in agreement with values reported in the literature.[3] The ee 
value was 89%, tR (major) = 11.3 min, tR (minor) = 15.6 min (Chiralcel IC-H, λ = 254 




A colorless oil; [α]25D = +55.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.64 (s, 
9H), 2.01 (s, 3H), 2.02-2.09 (m, 1H), 2.53 (s, 3H), 2.25 (s, 6H), 2.31-2.38 (m, 1H), 
2.43-2.48 (m, 1H), 2.70-2.76 (m, 1H), 6.89 (s, 3H), 7.16 (d, J = 6.3 Hz, 1H), 7.21 (t, J 
= 7.6 Hz, 1H), 7.36 (td, J = 1.3 Hz, 8.3 Hz, 1H), 7.94 (d, J = 8.2Hz, 1H); 13C NMR 
(125 MHz, CDCl3) δ 21.41, 28.07, 29.97, 31.55, 38.70, 55.74, 84.56, 115.19, 124.61, 
124.62, 124.74, 128.54, 129.43, 130.74, 138.18, 139.31, 139.70, 149.26, 176.71, 
207.22; HRMS (ESI) m/z calcd for C25H29NO4 [M+Na]+ = 430.1989, found = 430.1995; 
The ee value was 76%, tR (major) = 12.3 min, tR (minor) = 8.4 min (Chiralcel ID-H, λ 
= 254 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-tert-Butyl 3-(4-methoxyphenyl)-2-oxo-3-(3-oxobutyl)indoline-1-carboxylate 7-3g 
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A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.63 (s, 9H), 2.01 (s, 3H), 2.04-2.08 (m, 
1H), 2.32-2.38 (m, 1H), 2.41-2.47 (m, 1H), 2.68-2.74 (m, 1H), 3.76 (s, 3H), 6.82 (d, J 
= 8.9 Hz, 2H), 7.18 (d, J = 7.4 Hz, 1H), 7.21-7.24 (m, 3H), 7.35-7.39 (m, 1H), 7.94 (d, 
J = 8.3 Hz, 1H); The characterization data were in agreement with values reported in 
the literature.[3] The ee value was 94%, tR (major) = 21.7 min, tR (minor) = 16.8 min 
(Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 






A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.64 (s, 9H), 2.03 (s, 3H), 2.10-2.17 (m, 
1H), 2.39-2.45 (m, 1H), 2.56-2.62 (m, 1H), 2.84-2.90 (m, 1H), 7.22-7.25 (m, 2H), 
7.27-7.73 (m, 4H), 7.73 (d, J = 1.3 Hz, 1H), 7.76-7.79 (m, 3H), 7.99 (d, J = 8.8 Hz, 
1H); The characterization data were in agreement with values reported in the 
literature.[3] The ee value was 90%, tR (major) = 30.5 min, tR (minor) = 20.4 min 
(Chiralcel ID-H, λ = 254 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-tert-Butyl 3-(2-methoxybenzyl)-2-oxo-3-(3-oxobutyl)indoline-1-carboxylate 7-3i 
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A colorless oil; [α]25D = +34.9 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.60 (s, 
9H), 2.61-2.92 (m, 1H), 1.97 (s, 3H), 2.19-2.30 (m, 3H), 2.32-2.37 (m, 1H), 3.09 (d, J 
= 13.3 Hz, 1H), 3.28 (d, J = 13.3 Hz, 1H), 3.50 (s, 3H), 6.58 (d, J = 8.2 Hz, 1H), 6.71 
(t, J = 8.1 Hz, 1H), 6.93 (dd, J = 1.4 Hz, 7.6 Hz, 1H), 6.99-7.08 (m, 3H), 7.15 (td, J = 
1.3 Hz, 8.2Hz, 1H), 7.62 (d, J = 8.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 28.08, 
29.92, 30.70, 38.43, 38.65, 53. 49, 54.58, 83.99, 109.85, 114.29, 119.76, 123.52, 
123.84, 124.12, 127.92, 128.16, 129.44, 131.32, 139.50, 149.06, 157.32, 178.24, 
207.50; HRMS (ESI) m/z calcd for C25H29NO5 [M+Na]+ = 446.1938, found = 446.1945; 
The ee value was 75%, tR (major) = 13.9 min, tR (minor) = 9.3 min (Chiralcel ID-H, λ 
= 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-tert-Butyl 5-methyl-2-oxo-3-(3-oxobutyl)-3-phenylindoline-1-carboxylate 7-3j 
 
A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.62 (s, 9H), 2.02 (s, 3H), 2.04-2.11 (m, 
1H), 2.38-2.39 (m, 4H), 2.43-2.48 (m, 1H), 2.71-2.77 (m, 1H), 6.97 (s, 1H), 7.16 (dd, 
J = 1.3 Hz, 8.2 Hz, 1H), 7.23-7.31 (m, 5H), 7.81 (d, J = 8.4 Hz, 1H); The 
characterization data were in agreement with values reported in the literature.[3] The ee 
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value was 95%, tR (major) = 19.3 min, tR (minor) = 12.6 min (Chiralcel ID-H, λ = 254 
nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 







A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.62 (s, 9H), 2.04 (s, 3H), 2.07-2.13 (m, 
1H), 2.33-2.40 (m, 1H), 2.42-2.48 (m, 1H), 2.71-2.77 (m, 1H), 6.91 (dd, J = 2.8 Hz, 
8.5 Hz, 1H), 7.05-7.09 (m, 1H), 7.28-7.34 (m, 5H), 7.95 (dd, J = 4.4 Hz, 8.8 Hz, 1H); 
The characterization data were in agreement with values reported in the literature.[3] 
The ee value was 86%, tR (major) = 12.8 min, tR (minor) = 9.9 min (Chiralcel ID-H, λ 
= 254 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 





F 7-3l  
A colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.60 (s, 9H), 2.02 (s, 3H), 2.05-2.12 (m, 
1H), 2.35-2.41 (m, 1H), 2.46-2.52 (m, 1H), 2.71-2.77 (m, 1H), 6.98 (d, J =  7.6 Hz, 
1H), 7.10-7.14 (m, 1H), 7.16-7.20 (m, 1H), 7.27-7.30 (m, 5H); The characterization 
data were in agreement with values reported in the literature.[3] The ee value was 96%, 
tR (major) = 38.4 min, tR (minor) = 23.7 min (Chiralcel ID-H, λ = 254 nm, 20% 
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i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-tert-Butyl 7-chloro-2-oxo-3-(3-oxobutyl)-3-phenylindoline-1-carboxylate 7-3m 
 
A colorless oil; [α]25D = +15.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.62 (s, 
9H), 2.02 (s, 3H), 2.08-2.14 (m, 1H), 2.34-2.41 (m, 1H), 2.48-2.54 (m, 1H), 2.70-2.76 
(m, 1H), 7.06-7.08 (m, 1H), 7.12-7.26 (m, 1H), 7.27-7.35 (m, 6H); 13C NMR (125 
MHz, CDCl3) δ 27.63, 30.01, 31.31, 38.35, 56.62, 85.78, 118.59, 123.14, 125.29, 
126.66, 127.91, 128.86, 130.23, 134.07, 137.02, 138.63, 148.18, 176.88, 206.87; 
HRMS (ESI) m/z calcd for C23H24ClNO4 [M+Na]+ = 436.1286, found = 436.1286; The 
ee value was 86%, tR (major) = 23.0 min, tR (minor) = 18.0 min (Chiralcel ID-H, λ = 




A colorless oil; [α]25D = +37.1 (c 1.10, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.60 (s, 
9H), 2.02 (s, 3H), 2.05-2.12 (m, 1H), 2.26 (s, 3H), 2.30 (s, 3H), 2.32-2.36 (m, 1H), 
2.43-2.49 (m, 1H), 2.68-2.74 (m, 1H), 6.78 (s, 1H), 6.96 (s, 1H), 7.25 (d, J = 4.5 Hz, 
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1H), 7.29-7.30 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 19.45, 21.00, 27.80, 30.00, 
31.38, 38.65, 56.33, 84.83, 122.66, 123.38, 126.85, 127.58, 128.69, 131.91, 132.11, 
134.31, 136.03, 139.74, 149.54, 177.77, 207.31; HRMS (ESI) m/z calcd for 
C25H29NO4 [M+Na]+ = 430.1989, found = 430.2004; The ee value was 91%, tR (major) 
= 14.2 min, tR (minor) = 9.8 min (Chiralcel ID-H, λ = 254 nm, 10% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 






A colorless oil; 1H NMR (500 MHz, CDCl3) δ 0.93 (t, J = 7.2 Hz, 3H), 1.63 (s, 9H), 
2.01-2.07 (m, 1H), 2.17-2.36 (m, 3H), 2.48-2.54 (m, 1H), 2.72-2.78 (m, 1H), 
7.18-7.25 (m, 2H), 7.27-7.32 (m, 5H), 7.35-7.39 (m, 1H), 7.94 (d, J = 8.0 Hz, 1H); 
The characterization data were in agreement with values reported in the literature.[3] 
The ee value was 88%, tR (major) = 8.6 min, tR (minor) = 9.4 min (Chiralcel IC-H, λ = 







Chapter 7 Asymmetric Michael Addition 




















PHD DISSERTATION 2012                                ZHONG FANGRUI 





Chapter 8 Enantioselective MBH Reaction 
































The first tertiary amine catalyzed enantioselective MBH reaction of isatins with acrylates has been demonstrated, 
allowing asymmetric synthesis of biologically significant 3-substituted-3-hydroxy-2-oxindoles in good yields and with 
excellent enantioselectivities. The C6’-OH group of -isocupreidine (-ICD) is believed to facilitate the key proton 
transfer step in the MBH reaction, via an intramolecular proton relay process. 
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8.1 Introduction 
3-Substituted-3-hydroxy-2-oxindoles are important structural motifs found in 
many natural products and therapeutically useful agents (Figure 8.1).1 Given their 
biological significance, and the fact that different 3-hydroxy stereoisomers induce 
different biological activities, asymmetric synthesis of 3-hydroxy-2-oxindoles has 
become an intensively investigated research area. Over the years, many excellent 
synthetic approaches based on transition metal catalysis have been developed to 
tackle this synthetic challenge. Construction of 3-hydroxyoxindoleswas realized by 
metal-mediated arylation2 or alkylation3 reactions employing isatins as electrophiles. 
Shibata and Toru reported catalytic enantioselective hydroxylation reactions of both 
3-aryl- and 3-alkyl-2-oxindoles using a DBFOX-Zn(II) complex.4 Parallel to the 
explosive growth of organocatalysis, many elegant asymmetric organocatalytic 
synthetic methods have been reported in recent years. One widely used approach is 
the addition of carbonyl substrates to isatins via enamine activation, creating chiral 
                                                              
1 For recent reivews, see: (a) Marti, C.; Carreira, E. M. Eur. J. Org. Chem. 2003, 2209. (b) Galliford, C. V.; 
Scheidt, K. A. Angew. Chem. Int. Ed. 2007, 46, 8748. (c) Dounay, A. B.; Overman, L. E. Chem. ReV. 2003, 103, 
2945. (d) Zhou, F.; Liu, Y.-L.; Zhou, J. Adv. Synth. Catal. 2010, 352, 1381. (e) Lin, H.; Danishefsky, S. J. 
Angew. Chem. Int. Ed. 2003, 42, 36. (f) Peddibhotla, S. Curr. Bioact. Compd. 2009, 5, 20. For selected 
examples, see: (g) Sunazuka, T.; Yoshida, K.; Kojima, N.; Shirahata, T.; Hirose, T.; Handa, M.; Yamamoto, D.; 
Harigaya, Y.; Kuwajima, I.; Ojmura, S. Tetrahedron Lett. 2005, 46, 1459. (h) Shanmugam, P.; Vaithiyanathan, 
V.; Viswambharan, B. Tetrahedron 2006, 62, 4342. (i) Suárez-Castillo, O. R.; Sánchez-Zavala, M.; 
Meléndez-Rodríguez, M.; Castelán-Duarte, L. E.; Morales-Ríos, M. S.;  Joseph-Nathan, P. Tetrahedron 2006, 
62, 3040. 
2 (a) Toullec, P. Y.; Jagt, R. B. C.; de Vries, J. G.; Feringa, B. L.; Minnaard, A. J. Org. Lett. 2006, 8, 2715. (b) 
Shintani, R.; Inoue, M.; Hayashi, T. Angew. Chem. Int. Ed. 2006, 45, 3353. (c) Tomita, D.; Yamatsugu, K.; Kanai, 
M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 6946. (d) Lai, H.; Huang, Z.; Wu, Q.; Qin, Y. J. Org. Chem. 2009, 
74, 283. 
3 (a) Itoh, J.; Han, S. B.; Krische, M. J. Angew. Chem. Int. Ed. 2009, 48, 6313. (b) Qiao, X.-C.; Zhu, S.-F.; Zhou, 
Q.-L. Tetrahedron: Asymmetry 2009, 20, 1254. 
4 Ishimaru, T.; Shibata, N.; Nagai, J.; Nakamura, S.; Toru, T.; Kanemasa, S. J. Am. Chem. Soc.  2006, 128, 16488. 
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quaternary 3-hydroxy-2-oxindoles. 5  Direct hydroxylation of oxindole substrates 
represents an alternative strategy. Itoh et al. achieved asymmetric hydroxylation of 
oxindoles by molecular oxygen using a phase-transfer catalyst.6  Very recently, 
Barbas and co-workers reported a dimeric quinidine-catalyzed enantioselective 































Figure 8.1 Selected 3-substituted-3-hydroxy-2-oxindoles-containing natural products 
 The MBH reaction is one of the most synthetically valuable reactions for the 
construction of densely functionalized products in a highly atom economic manner.8 
The asymmetric version of this reaction has been extensively studied by employing 
either chiral amines9 or phosphines10 as the catalyst. The electrophiles in the MBH 
                                                             
5 (a) Luppi, G.; Cozzi, P. G.; Monari, M.; Kaptein, B.; Broxterman, Q. B.; Tomasini, C. J. Org. Chem. 2005, 70, 
7418. (b) Luppi, G.; Monari, M.; Corrêa, R. J.; Violante, F. A.; Pinto, A. C.; Kaptein, B.; Broxterman, Q. B.; 
Gardenb, S. J.; Tomasini, C. Tetrahedron 2006, 62, 12017. (c) Chen, J.-R.; Liu, X.-P.;  Zhu, X.-Y.; Li, L.; Qiao, 
Y.-F.; Zhang J.-M.; Xiao, W.-J. Tetrahedron 2007, 63, 10437. (d) Malkov, A. V.; Kabeshov, M. A.; Bella, M.; 
Kysilka, O.; Malyshev, D. A.; Pluháčková, K.; Kočovský, P. Org. Lett. 2007, 9, 5473. (e) Nakamura, S.; Hara, N.; 
Nakashima, H.; Kubo, K.; Shibata, N.; Toru, T. Chem. Eur. J. 2008, 14, 8079. (f) Itoh, T.; Ishikawa, H.; Hayashi, Y. 
Org. Lett. 2009, 11, 3854. (g) Angelici, G.; Corrêa, R. J.; Garden, S. J.; Tomasini, C. Tetrahedron Lett. 2009, 50, 
814. (h) Hara, N.; Nakamura, S.; Shibata, N.; Toru, T. Chem. Eur. J. 2009, 15, 6790. (i) Xue, F.; Zhang, S.; Liu, L.; 
Duan, W.; Wang, W. Chem. Asian J. 2009, 4, 1664. 
6 Sano, D.; Nagata, K.; Itoh, T. Org. Lett. 2008, 10, 1593. 
7 Bui, T.; Candeias, N. R.; Barbas, C. F. III. J. Am. Chem. Soc. 2010, 132, 5574. 
8  See refs. 11 in Chapter 1. 
9 (a) Iwabuchi, Y.; Nakatani, M.; Yokoyama, N.; Hatakeyama, S. J. Am. Chem. Soc. 1999, 121, 10219. (b) 
Kawahara, S.; Nakano, A.; Esumi, T.; Iwabuchi, Y.; Hatakeyama, S. Org. Lett. 2003, 5, 3103. (c) Shi, M.; Xu, 
Y.-M. Angew. Chem. Int. Ed. 2005, 41, 4507. (d) Shi, M.; Xu, Y.-M.; Shi, Y.-L. Chem. Eur. J. 2005, 11, 1794. (e) 
Matsui, K.; Takizawa, S.; Sasai, H. J. Am. Chem. Soc. 2005, 127, 3680. (f) Matsui, K.; Tanaka, K.; Horii, A.; 
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reactions are mostly aldehydes and imines, and the use of ketones as electrophiles is 
very limited.11 Owing to their high electrophilicity, isatin derivatives have emerged 
as new electrophilic components for the MBH reaction.12 As part of our ongoing 
research program towards enantioselective creation of quaternary stereogenic 
centers,13 we were interested in developing asymmetric MBH reactions employing 
isatins as electrophiles, since such processes would yield tremendously useful 
3-substituted-3-hydroxy-2-oxindoles (Scheme 8.1). At the outset of our research, the 
enantioselective MBH reaction of isatins was unknown. During the preparation of this 
manuscript, Zhou and co-workers disclosed an elegant asymmetric organocatalytic 
MBH reaction of isatins and acrolein.14 Herein, we document our independent studies 
on a highly enantioselective MBH reaction of isatins with acrylates. Our process 
delivers the MBH adducts in high yields and with excellent enantiomeric purity at 
ambient reaction temperature. 
 
                                                                                                                                                                                  
Takizawa, S.; Sasai, H. Tetrahedron: Asymmetry 2006, 17, 578. (g) Raheem, I. T.; Jacobsen, E. N. Adv. Synth. 
Catal. 2005, 347, 1701. (h) Abermil, N.; Masson, G.; Zhu, J. J. Am. Chem. Soc. 2008, 130, 12596. (i) Abermil, 
N.; Masson, G.; Zhu, J. Org. Lett. 2009, 11, 4648. (j) Abermil, N.; Masson, G.; Zhu, J. Adv. Synth. Catal. 2010, 
352, 656. 
10 (a) Shi, M.; Chen, L.-H. Chem. Commun. 2003, 1310. (b) Shi, M.; Chen, L.-H.; Teng, W.-D. Adv. Synth. Catal. 
2005, 347, 1781. (c) Shi, M.; Chen, L.-H.; Li, C.-Q. J. Am. Chem. Soc. 2005, 127, 3790. (d) Shi, M.; Li, C.-Q. 
Tetrahedron: Asymmetry 2005, 16, 1385. (e) Liu, Y.-H.; Chen, L.-H.; Shi, M. Adv. Synth. Catal. 2006, 348, 973. (f) 
Shi, M.; Ma, G.-N.; Gao, J. J. Org. Chem. 2007, 72, 9779. (g) Lei, Z.-Y.; Ma, G.-N.; Shi, M. Eur. J. Org. Chem. 
2008, 3817. 
11 (a) S. Hill, J. S.; Isaacs, N. S.; Tetrahedron Lett. 1986, 27, 5007. (b) Basavaiah, D.; Bharathi, T. K.; Gowriswari, V. 
V. L. Tetrahedron Lett. 1987, 28, 4351. (c) Golubev, A. S.; Galakhov, M. V.; Kolomiets, A. F.; Fokin, A. V. Bull. 
Russ. Acad. Sci. Ch.-Engl. Tr. 1992, 41, 2193. (d) Ramachandran, P. V.; Reddy, M. V. R.; Rudd, M. T. Chem. 
Commun. 2001, 757. (e) Reddy, M. V. R.; Rudd, M. T.; Ramachandran, P. V. J. Org. Chem. 2002, 67, 5382. 
12 (a) Garden, S. J.; Skakle, J. M. S. Tetrahedron Lett. 2002, 43 1969. (b) Chung, Y. M.; Im, Y. J.; Kim, J. N. Bull. 
Korean Chem. Soc. 2002, 23, 1651. 
13 See refs. 8 in Chapter 6. 
14 Liu, Y.-L.; Wang, B.-L.; Cao, J.-J.; Chen, L.; Zhang, Y.-X.; Wang, C.; Zhou, J. J. Am. Chem. Soc. 2010, 132, 
15176. A single exampleemploying ethyl acrylate was reported; however, the yield was 50% and the reaction was 
run at -20 oC for 4 d. 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 333 - 
 
Scheme 8.1 Construction of 3-hydroxy-2-oxindoles via MBH reaction with isatins 
8.2 Results and Discussion 
8.2.1 Reaction Optimization 
We chose the MBH reaction between N-benzyl isatin 8-5a and methyl acrylate 
8-6a as a model reaction to start our investigation, and the catalytic effects of different 
amino acid-derived phosphine catalysts15 were examined. The results are shown in 
Table 8.1. To induce an effective stereochemical control, potential interactions of the 
catalyst with the hydrogen bond donor groups in the isatin derivatives seem to be 
important, thus, a number of amino acid-based phosphines with various Brønsted acid 
moieties were prepared (Figure 8.2, left). All the phosphine 8-18-5 gave high 
catalytic reactivity and 3-hydroxyl oxindole 8-7a was furnished in excellent yields 
(entries 1-5). L-Valine-derived phosphinesulfonamide 8-1a resulted in poor 
enantioselectivity (entry 1). In the presence of valine-derived amide 8-1b or 
carbamate 8-1c, the reaction proceeded smoothly with low stereoselectivity (entries 
2-3). Valine-derived phosphinethiourea 8-1d displayed much-improved catalytic 
effects, and the products were obtained in excellent yield and with moderate 
enantioselectivity (entry 4). Employment of thiourea 8-1f derived from L-threonine 
led to a better stereochemical control, but the ee value was still not satisfactory (entry 
5). Other means of optimizations, including solvent screening, temperature study, 
substrates optimization, could not give a further improvement.  
                                                             
15 Wang, S.-X.; Han, X.; Zhong, F.; Wang, Y.; Lu, Y. Synlett 2011, 2766. 
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Figure 8.2 nucleophilic catalysts examined 
At this stage, we turned to utilizing nucleophilic tertiary amine catalysts. While 
quinidine 8-2a, quinidine-based thiourea 8-2b, and biscinchona alkaloid 8-4 were 
found to be completely ineffective (Table 8.1, entries 6, 7, and 9), -isocupreidine 
(-ICD)16 displayed remarkable catalytic effects, affording the desired adduct in 94% 
yield and with 85% ee (entry 8). Different acrylates were next explored. Employment 
of ethyl acrylate 8-6b slightly improved the enantioselectivity; however, the chemical 
yield dropped dramatically (entry 10). tert-Butyl acrylate 8-6c was virtually 
unreactive (entry 11). When hexafluoroisopropyl acrylate (HFIPA) 8-6d or 
2-naphthyl acrylate 8-6e was utilized, the reaction proceeded rapidly, but the 
enantioselectivity was disappointing (entries 12-13). Utilization of benzyl acrylate 
8-6f slightly increased the ee of the adduct (entry 14), and 8-6f was thus chosen for 
further studies. The benzyl protection on the nitrogen atom of isatin proved to be 
crucial, as the isatin with a free amino group or with acetyl protection gave very poor 
results (entries 16-17). 
Table 8.1 Exploration of the MBH Reaction of Isatins with Acrylates 
                                                              
16 Marcelli, T.; van Maarseveen, J. H.; Hiemstra, H. Angew. Chem. Int. Ed. 2006, 45, 7496. 
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8-5a: R1 = Bn
8-5b: R1 = H
8-5c: R1 = Ac
8-6a: R = Me 8-6b: R = Et
8-6c: R = t-Bu 8-6d: R = CH(CF3)2




entrya cat. 8-5/8-6 solvent t (h) yield (%)b ee (%)c 
1 8-1a 8-5a/8-6a THF 24 93 10 
2 8-1b 8-5a/8-6a THF 24 95 23 
3 8-1c 8-5a/8-6a THF 24 92 5 
4 8-1d 8-5a/8-6a THF 24 93 51 
5 8-1f 8-5a/8-6a THF 24 91 73 
6 8-2a 8-5a/8-6a THF 48 - - 
7 8-2b 8-5a/8-6a THF 48 - - 
8 8-3 8-5a/8-6a THF 40 94 85 
9 8-4 8-5a/8-6a THF 48 - - 
10 8-3 8-5a/8-6b THF 40 77 88 
11 8-3 8-5a/8-6c THF 48 <20 - 
12 8-3 8-5a/8-6d THF 1 93 26 
13 8-3 8-5a/8-6e THF 24 92 71 
14 8-3 8-5a/8-6f THF 48 89 90 
15 8-3 8-5a/8-6f CHCl3 48 53 96 
16 8-3 8-5b/8-6f CHCl3 48 26 33 
17 8-3 8-5c/8-6f CHCl3 48 17 30 
a Reactions were performed with 8-5 (0.05 mmol), 8-6 (0.1 mmol), and the catalyst (0.005 mmol) 
in anhydrous solvent (250 μL) under argon. b Isolated yield. c The ee values were determined by 
HPLC analysis on a chiral stationary phase.  
A solvent screening was performed at this stage (Table 8.2) and it was revealed 
that CHCl3 was the solvent of choice, delivering the product in a moderate yield and 
with 96% ee (entry 7). Further experimental conditions were investigated in order to 
improve the yield of the reaction, without sacrificing the enantioselectivity. We were 
pleased to find that the addition of 4 Å molecular sieves to the reaction mixture was 
beneficial. Under the optimized conditions, the MBH product could be obtained in 83% 
yield and with 96% ee (entry 14). When the reaction was performed in wet CHCl3, a 
decrease in enantioselectivity was observed (entry 15). 
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Table 8.2 Solvent Screening 
 
entrya solvent t (h) yield (%)b ee (%)c 
1 THF 48 89 90 
2 DMF 48  23 - 
3 Dioxane 48  65 82 
4 Diethyl ether 48  trace - 
5 Toluene 48  75 90 
6 CH2Cl2 48  63 94 
7 CHCl3 48  53 96 
8 Ethyl acetate 48  65 91 
9 MeOH 48  35 50 
10 CH3CN 48  91 87 
11 Hexane 48  trace - 
12d CHCl3 48  69 94 
13d CHCl3 72  81 94 
14d,e CHCl3 48  83 96 
15f CHCl3 48  85 88 
a Reactions were performed with 8-5a (0.05 mmol), 8-6f (0.1 mmol) and -ICD (0.005 mmol) in 
solvent (250 μL) under Ar. b Isolated yield. c The ee values were determined by HPLC analysis on 
a chiral phase. d Reaction was performed in CHCl3 (100 μL). e Molecular sieve (4 Å, 20 mg) was 
added. f Wet CHCl3 (100 μL) was used as the solvent. 
8.2.2 Substrate Scope 
With the optimized reaction conditions in hand, the substrate scope was next 
studied (Table 8.3). Various N-alkylated isatins could be used, and excellent 
enantioselectivities were obtained in all the examples examined (entries 1-7), 
although a slight increase in catalyst loading or longer reaction time may be required 
in some cases. The reaction was applicable to isatins with different aromatic moieties. 
Halogenated isatins at the C5 and C7 positions displayed high reactivity, and the 
desired adducts were obtained in nearly quantitative yields and with very high 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 337 - 
 
enantioselectivities (entries 8-12). Isatins with electron-rich aryl rings were found to 
be less reactive; an increased catalyst loading could effectively improve the chemical 
yields of the reactions (entries 14-16). The presence of the nitro group on the isatin 
slightly reduced the enantioselectivity of the MBH adduct, which may be correlated to 
the hydrogen bonding capability of the nitro group (entry 13). The absolute 
configurations of the MBH products were determined based on the X-ray crystal 
structure of 8-7h. 












CHCl3, RT, 48 h
8-3 (10 mol%)
8-5 8-6f 8-7
R1 R14 Å MS
 
entrya R1/R2(product) yield (%)b ee (%)c 
1d H/Bn (8-7a) 83  96  
2d H/PMB (8-7b) 62  95  
3d H/ CHPh2 (8-7c) 63  93  
4e H/Trt (8-7d) 88 92  
5 H/Ph (8-7e) 61  90  
6 H/PMP (8-7f) 95 92 
7d H/Me (8-7g) 67 95 
8 7-Cl/Bn (8-7h) 96 96 
9 7-F /Bn(8-7i) 96 92 
10 5-NO2/Bn(8-7j) 94 85 
11 5-F/Bn(8-7k) 95  92  
12 5-Cl/Bn (8-7l) 95  91  
13 5-Br/Bn (8-7m) 92 94 
14 5-Me/Bn (8-7n) 66  92  
15e 5-OMe/Bn (8-7o) 88 91 
16e 5,7-Me/Bn (8-7p) 76 95 
a Reactions were performed with 8-5 (0.05 mmol), 8-6f (0.1 mmol), 8-3 (0.005 mmol), and 4 Å 
molecular sieve (20 mg) in anhydrous CHCl3 (100 μL) under argon. b Isolated yield. c The ee 
values were determined by HPLC analysis on a chiral stationary phase. d Reaction was run for 72 
h. e The catalyst loading was 20 mol %. 
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8.2.3 Mechanistic Consideration 
Despite intensive research over the years, the mechanism of the MBH reactions 
is not entirely clear. Recent elegant mechanistic studies supported that the 
intramolecular proton transfer from the R-carbon atom to the anion at the adjacent 
carbon is the rate-determining step (RDS) for the MBH reaction.17 To gain insights 
into our reaction mechanism, a few further experiments were performed and the 
results are summarized in Table 8.4. We were interested in the potential roles that the 
C6′-OH of -ICD might have played in the enantioselective MBH reaction. Thus, 
-isocinchonine 8-8 without the free phenolic hydroxy group was prepared and 
applied in the reaction. The desired MBH adduct was obtained in very low yield, but 
with 71% ee (entry 2). This result indicated that the monofunctional cinchona alkaloid 
could provide a certain degree of stereochemical control; however, the C6′-OH group 
is indispensable in inducing excellent enantioselectivity. The influence of adding 
various external proton donors was next investigated. With 8-8 employed as the 
catalyst, adding i-PrOH (100 mol %) had little influence on the enantioselectivity 
(entry 3). On the other hand, the addition of more acidic phenol (10 mol %) or 
benzoic acid (10 mol %) increased the reaction rate and led to very poor 
enantioselectivity (entries 4-5). For the MBH reaction catalyzed by 8-3, the addition 
of a large excess of i-PrOH had little effect; both yield and ee were maintained (entry 
6). The presence of molar equivalence of phenol, which mimics the phenolic OH 
group in -ICD, led to a small decrease in both chemical yield and enantioselectivity 
                                                              
17 See refs. 17 in Chapter 1. 
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(entry 7). With the addition of a stronger proton donor, benzoic acid at 10 mol %, the 
enantioselectivity of the reaction dropped dramatically (entry 8). Moreover, a large 
excess of benzoic acid deterred the reaction, yielding virtually racemic products in 
extremely poor yield, which may due to the overstabilization or protonation of the 
enolate intermediate induced by the benzoic acid (entry 9).  

















addtive, CHCl3, rt,, 48 h
8-5a 8-6f 8-7a
4 Å molecular sieve
 
entrya cat. additive yield (%)b ee (%)c 
1 8-3 - 69 96 
2 8-8 - <10 71 
3 8-8 100 mol% i-PrOH <10 70 
4 8-8 10 mol% PhOH 11 32 
5 8-8 10 mol% PhCOOH 35 10 
6 8-3 100 mol% i-PrOH 65 96 
7 8-3 10 mol% PhOH 62 88 
8 8-3 10 mol% PhCOOH 64 35 
9 8-3 100 mol% PhCOOH 15 3 
a A mixture of 8-5a (0.05 mmol), 8-6f (0.1 mmol), the catalyst (0.005 mmol), 4 Å molecular sieve 
(20 mg), and the additive in CHCl3 (100 μL) was stirred at room temperature. b isolated yield. c 
Determined by HPLC analysis on a chiral stationary phase. 
On the basis of the above experimental findings, we propose the mechanism of 
-ICD-promoted MBH reaction as shown in Figure 8.3 The enolate A is generated 
upon nucleophilic addition of -ICD 8-3 to the acrylate, which is stabilized by the 
C6′-OH group of 8-3 via an intramolecular hydrogen bonding interaction. The 
subsequent aldol reaction of A with isatin 8-5a leads to the formation of zwitterionic 
intermediate B. The following proton transfer is the key step, which has been 
suggested by the recent studies to be the RDS for the MBH reaction. We believe the 
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acidic proton of the C6′-OH group serves as a “proton shuttle” to facilitate the 
intramolecular proton transfer from the R-carbon to the neighboring oxygen anion. 
This proton transfer step also likely differentiates the four diastereomers of B 
(pathway generating the major steroisomer shown), leading to the creation of the 
desired isomer C. Finally, intermediate C undergoes -elimination to afford the MBH 
adduct 8-7a and regenerates 8-3 at the same time. Our study on the additive effects 
agrees well with this proposal. Being less acidic than the phenolic OH, even excess 
i-PrOH could not interrupt the intramolecular proton relay process (Table 3, entry 6). 
More acidic phenol could assist the proton transfer process in a nonstereoselective 
manner, resulting in a decreased ee (entry 7). When more acidic benzoic acid was 
introduced, it competed favorably as the external hydrogen bond donor with the 
C6′-OH group in the proton transfer process, leading to a dramatically decreased 
enantioselectivity (entry 8). Therefore, it is clear that C6′-OH of 8-3 plays a critical 
role in the proton transfer process and contributes significantly to the overall rate of 
the reaction and the observed enantioselectivity. 
 
Figure 8.3 Plausible mechanism. 
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8.3 Conclusions 
In summary, we have successfully demonstrated the first asymmetric MBH 
reaction of isatins with acrylates. The reactions proceeded efficiently at room 
temperature, yielding the desired adducts in high yields and with excellent 
enantioselectivities. The method reported represents a novel approach to access 
structurally challenging and biologically important chiral 3-hydroxy-2-oxindoles. 
Additive studies performed suggested that the C6′-OH group of -ICD facilitates the 
proton transfer step via its participation in an intramolecular proton relay process. We 
anticipate the methodology described here will find wide applications in the synthesis 
of novel 3-hydroxy-2-oxindoles and mechanistic insights gained in this study may 
facilitate the rational design of novel catalytic systems for the asymmetric MBH 
reactions. 
8.4 Experimental Section 
8.4.1 Material and General Methods 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. THF and diethyl ether were dried 
and distilled from sodium benzophenone ketyl prior to use. CHCl3 and CH2Cl2 were 
distilled from CaH2 prior to use. Dioxane was dried and distilled from Na prior to use. 
All the solvents used in reactions involving phosphorous-containing compounds were 
de-gassed by dry N2. 1H and 13C NMR spectra were recorded on a Bruker ACF300 or 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per million 
(ppm), and the residual solvent peak was used as an internal reference: proton 
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(chloroform δ 7.26), carbon (chloroform δ 77.0). Multiplicity was indicated as 
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 
doublet), br (broad singlet). Coupling constants were reported in Hertz (Hz). Low 
resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL- T mass spectrometer in FAB mode. All high 
resolution mass spectra were obtained on a Finnigan/MAT 95XL-T spectrometer. For 
thin layer chromatography (TLC), Merck pre- coated TLC plates (Merck 60 F254) 
were used, and compounds were visualized with a UV light at 254 nm. Further 
visualization was achieved by staining with iodine, or ceric ammonium molybdate 
followed by heating on a hot plate. Flash chromatographic separations were 
performed on Merck 60 (0.040-0.063 mm) mesh silica gel. The enantiomeric excesses 
of products were determined by chiral-phase HPLC analysis, using a Daicel Chiralcel 
IC-H column (250 x 4.6 mm), or Chiralpak OD-H ncolumn, or IA column (250 x 4.6 
mm). 
All the isatin derivatives 8-5 were prepared following the literature procedures.18 
β-ICD and β-isocinchonine were prepared according to methods.19 












CHCl3, RT, 72 h





18 (a) Itoh, T.; Ishikawa, H.; Hayashi, Y. Org. Lett., 2009, 11, 3854. (b) M. T. Chan, D. M. T.; Monaco, K. L.; Wang, 
R.-P.; Winters, M. P. Tetrahedron Lett. 1998, 39, 2933. 
19 Waldmann, H.; Khedkar, V.; Dückert, H.; Schürmann, M.; OppeI. M.; Kumar, K. Angew. Chem. Int. Ed. 2008, 
47, 6869. 
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To a flame-dried round bottle flask with a magnetic stirring bar were added catalyst 
β-ICD (1.6 mg, 0.005 mmol), N-benzyl isatin 8-5a (12.9 mg, 0.05 mmol) and 4 Å 
molecular sieve under Ar, followed by the addition of dry CHCl3 (100 L). After the 
8-5a was dissolved, benzyl acrylate 8-6f (15 L, 0.1 mmol) was then added. The flask 
was sealed, and the reaction was stirred at room temperature for 72 hrs. The reaction 
mixture was purified directly by column chromatography on silica gel using 
hexane/ethyl acetate (8:1 to 3:1) as an eluent to afford 8-7a as a white solid (16.6 mg, 
83% yield). 
8.4.3 Analytical Data of MBH Adducts 






A white solid; [α]25D = -34.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.83 (br, 
1H), 4.53 (d, J = 15.8 Hz, 1H), 4.86 (d, J = 15.8 Hz, 1H), 4.93 (d, J = 12.6 Hz, 1H), 
5.07 (d, J = 12.6 Hz, 1H), 6.48 (s, 1H), 6.62 (d, J = 8.2 Hz, 1H), 6.66 (s, 1H), 7.00 (t, 
J = 7.6 Hz, 1H), 7.12-7.14 (m, 2H), 7.18-7.21 (m, 2H), 7.24 (d, J = 7.0 Hz, 
1H),7.23-7.33 (m, 7H); 13C NMR (125 MHz, CDCl3) δ 43.84, 66.88, 76.19, 109.82, 
122.97, 123.87, 127.30, 127.58, 128.29, 128.31, 128.43, 128.51, 128.72, 129.40, 
130.03, 135.14, 135.47, 139.07, 143.66, 164.38, 176.31; HRMS (ESI) m/z calcd for 
C25H21NO4 [M+Na]+ = 422.1363, found = 422.1356; The ee value was 96%, tR (minor) 
= 13.7 min, tR (major) = 18.1 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
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(R)-Benzyl 2-(3-hydroxy-1-(4-methoxybenzyl)-2-oxoindolin-3-yl)acrylate 8-7b 
 
A white solid; [α]25D = -27.8 (c 0.94, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.77 (s, 
3H), 4.08 (br, 1H), 4.50 (d, J = 15.8 Hz, 1H), 4.81 (d, J = 15.8 Hz, 1H), 4.93 (d, J = 
12.6 Hz, 1H), 5.08 (d, J = 12.0 Hz, 1H), 6.52 (s, 1H), 6.66 (d, J = 7.6 Hz, 1H), 6.68 (s, 
1H), 6.84 (d, J = 8.7 Hz, 2H), 7.02 (t, J = 7.6 Hz, 1H), 7.13-7.15 (m, 2H), 7.20 (d, J = 
7.6 Hz, 1H), 7.23 (dd, J = 1.3 Hz, 7.6 Hz, 1H), 7.28 (d, J = 8.2 Hz, 2H), 7.35 (dd. J = 
3.8 Hz, 6.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 43.24, 55.17, 66.80, 76.13, 
109.82, 114.07, 122.90, 123.77, 127.43, 128.24, 128.30, 128.47, 128.52, 128.64, 
129.43, 129.94, 135.08, 138.95, 143.58, 158.98, 164.31, 176.33; HRMS (ESI) m/z 
calcd for C26H23NO5 [M+Na]+ = 452.1468, found = 452.1463; The ee value was 95%, 
tR (minor) = 19.7 min, tR (major) = 20.1 min (Chiralcel IC-H, λ = 254 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-Benzyl 2-(1-benzhydryl-3-hydroxy-2-oxoindolin-3-yl)acrylate 8-7c 
 
A white solid; [α]25D = -30.3 (c 0.95, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.62 (br, 
1H), 4.92 (d, J = 12.6 Hz, 1H), 5.16 (d, J = 12.6 Hz, 1H), 6.44 (s, 1H), 6.45 (d, J = 8.2 
Hz, 1H), 6.61 (s, 1H), 6.96 (t, J = 7.6 Hz, 2H), 7.05 (dt, J = 1.3 Hz, 7.6 Hz, 1H), 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 345 - 
 
7.13-7.15 (m, 2H), 7.18 (d, J = 6.3 Hz, 1H), 7.28-7.36 (m, 11H), 7.41 (dd, J = 1.3 Hz, 
8.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 58.61, 66.63, 75.82, 112.43, 122.68, 
123.84, 127.71, 127.79, 127.84, 128.12, 128.30, 128.46, 128.47, 128.50, 128.58, 
128.65, 129.50, 129.61, 135.44, 137.30, 137.57, 139.02, 143.34, 164.40, 176.34; 
HRMS (ESI) m/z calcd for C31H25NO4 [M+Na]+ = 498.1676, found = 498.1671; The 
ee value was 93%, tR (minor) = 7.7 min, tR (major) = 12.7 min (Chiralcel IC-H, λ = 
254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 







A white solid; [α]25D = -10.7 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.28 (br, 
1H), 5.03 (d, J = 12.6 Hz, 1H), 5.25 (d, J = 12.7 Hz, 1H), 6.38 (d, J = 7.6 Hz, 1H), 
6.43 (s, 1H), 6.62 (s, 1H), 6.93-6.99 (m, 2H), 7.16 (dd, J = 1.3 Hz, 6.3 Hz, 1H), 
7.21-7.29 (m, 12H), 7.35 (dd, J = 1.9 Hz, 5.1 Hz, 3H), 7.56-7.57 (m, 6H); 13C NMR 
(125 MHz, CDCl3) δ 66.62, 74.58, 76.14, 116.40, 122.47, 123.31, 126.82, 127.58, 
127.94, 128.14, 128.49, 128.54, 129.35, 129.42, 135.51, 139.42, 141.91, 144.36, 
164.49, 177.10; HRMS (ESI) m/z calcd for C37H29NO4 [M+Na]+ = 574.1989, found = 
574.1977; The ee value was 92%, tR (minor) = 11.1 min, tR (major) = 13.9 min 
(Chiralcel IC-H, λ = 254 nm, 10% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
(R)-Benzyl 2-(3-hydroxy-2-oxo-1-phenylindolin-3-yl)acrylate 8-7e 
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A white solid; [α]25D = -20.5 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.97 (br, 
1H), 5.01 (d, J = 12.6 Hz, 1H), 5.16 (d, J = 12.6 Hz, 1H), 6.57 (s, 1H), 6.70 (s, 1H), 
6.79 (d, J = 7.6 Hz, 1H), 7.09-7.15 (m, 3H), 7.26-7.34 (m, 6H), 7.41 (t, J = 7.6 Hz, 
2H), 7.50 (t, J = 7.6 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 66.86, 76.15, 109.98, 
123.33, 124.11, 126.39, 128.06, 128.22, 128.47, 129.00, 129.48, 130.01, 134.05, 
135.09, 139.24, 144.61, 164.35, 175.66; HRMS (ESI) m/z calcd for C24H19NO4 
[M+Na]+ = 408.1206, found = 408.1202; The ee value was 90%, tR (minor) = 18.6 
min, tR (major) = 21.3 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow 
rate = 0.8 mL/min). 
(R)-Benzyl 2-(3-hydroxy-1-(4-methoxyphenyl)-2-oxoindolin-3-yl)acrylate 8-7f 
 
A white solid; [α]25D = -42.6 (c 1.10, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.70 (br, 
1H), 3.85 (s, 3H), 5.00 (d, J = 12.7 Hz, 1H), 5.14 (d, J = 12.0 Hz, 1H), 6.54 (s, 1H), 
6.68 (s, 1H), 6.71 (d, J = 7.6 Hz, 1H), 6.97-7.00 (m, 2H), 7.07 (t, J = 7.6 Hz, 1H), 
7.11-7.13 (m, 2H), 7.22 (dd, J = 1.9 Hz, 8.8 Hz, 1H), 7.24-7.29 (m, 6H); 13C NMR 
(125 MHz, CDCl3) δ 55.49, 66.86, 76.15, 109.92, 114.84, 123.19, 124.06, 126.76, 
127.84, 128.06, 128.24, 128.50, 128.93, 130.07, 134.91, 135.18, 139.37, 145.15, 
159.21, 164.39, 175.79; HRMS (ESI) m/z calcd for C25H21NO5 [M+Na]+ = 438.1312, 
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found = 438.1308; The ee value was 92%, tR (minor) = 23.3 min, tR (major) = 28.3 
min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 






A white solid; [α]25D = -50.2 (c 1.50, CHCl3); 1H NMR (500 MHz, CDCl3) δ 2.93 (s, 
3H), 4.60 (br, 1H), 4.92 (d, J = 12.6 Hz, 1H), 4.97 (d, J = 12.6 Hz, 1H), 6.54 (s, 1H), 
6.66 (s, 1H), 6.70 (d, J = 7.6 Hz, 1H), 7.05 (t, J = 7.6 Hz, 1H), 7.08-7.09 (m, 2H), 
7.18 (d, J = 7.6 Hz, 1H), 7.31-7.34 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 25.84, 
66.72, 75.87, 108.58, 122.77, 123.51, 128.16, 128.25, 128.33, 128.54, 129.44, 129.79, 
134.72, 138.88, 144.14, 164.13, 176.21; HRMS (ESI) m/z calcd for C19H17NO4 
[M+Na]+ = 346.1050, found = 346.1046; The ee value was 95%, tR (minor) = 18.1 
min, tR (major) = 21.1 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow 
rate = 1.0 mL/min). 







A white solid; [α]25D = -57.6 (c 0.50, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.78 (br, 
1H), 4.98 (d, J = 12.6 Hz, 1H), 5.04 (d, J = 16.4 Hz, 1H), 5.10 (d, J = 12.0 Hz, 1H), 
5.21 (d, J = 16.4 Hz, 1H), 6.50 (s, 1H), 6.69 (s, 1H), 6.97 (t, J = 7.6 Hz, 1H), 7.11 (dd, 
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J = 1.3 Hz, 7.6 Hz, 1H), 7.17-7.20 (m, 3H), 7.21 (d, J = 1.3 Hz, 1H), 7.24-7.33 (m, 
4H), 7.35-7.37 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 44.92, 67.10, 75.46, 115.88, 
122.52, 123.93, 126.48, 127.10, 128.33, 128.43, 128.50, 128.65, 128.85, 132.13, 
132.68, 134.86, 137.24, 138.71, 139.80, 164.13, 177.01; HRMS (ESI) m/z calcd for 
C25H20ClNO4 [M+Na]+ = 456.0973, found = 456.0978; The ee value was 96%, tR 
(minor) = 17.7 min, tR (major) = 26.4 min (Chiralcel IC-H, λ = 254 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min) 
(R)-Benzyl 2-(1-benzyl-7-fluoro-3-hydroxy-2-oxoindolin-3-yl)acrylate 8-7i 
 
A white solid; [α]25D = -43.9 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.07 (br, 
1H), 4.64 (d, J = 15.7 Hz, 1H), 4.85 (d, J = 12.0 Hz, 1H), 4.97 (d, J = 12.0 Hz, 1H), 
5.06 (d, J = 12.0 Hz, 1H), 6.48 (s, 1H), 6.65 (s, 1H), 6.92-6.99 (m, 3H), 7.09-7.11 (m, 
2H), 7.23-7.36 (m, 8H); 13C NMR (125 MHz, CDCl3) δ 45.31, 66.95, 76.03 (d, J = 
2.8 Hz), 118.30 (d, J = 20.0 Hz), 119.72 (d, J = 2.7 Hz), 123.74 (d, J = 6.4 Hz), 
127.47 (d, J = 7.3 Hz), 128.33 (d, J = 10.0 Hz), 128.50, 128.54, 128.84, 130.14 (d, J = 
8.2 Hz), 132.23, 134.87, 136.60, 138.64, 146.46, 148.41, 164.10, 158.03 (d, J = 107.5 
Hz), 176.14; HRMS (ESI) m/z calcd for C25H20FNO4 [M+Na]+ = 440.1269, found = 
440.1260; The ee value was 92%, tR (minor) = 8.4 min, tR (major) = 11,0 min 
(Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min) 
 (R)-Benzyl 2-(1-benzyl-5-fluoro-3-hydroxy-2-oxoindolin-3-yl)acrylate 8-7j 
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A white solid; [α]25D = -81.1 (c 1.15, CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.20 (br, 
1H), 4.56 (d, J = 15.8 Hz, 1H), 4.87 (d, J = 15.8 Hz, 1H), 4.97 (d, J = 12.0 Hz, 1H), 
5.12 (d, J = 12.0 Hz, 1H), 6.52 (d, J = 3.6 Hz, 1H), 6.54 (d, J = 3.8 Hz, 1H), 6.69 (s, 
1H), 6.89 (dt, J = 2.5 Hz, 8.8 Hz, 1H), 6.95 (dd, J = 2.6 Hz, 6.4 Hz, 1H), 7.18-7.20 (m, 
2H), 7.26-7.39 (m, 8H); 13C NMR (125 MHz, CDCl3) δ 43.97, 66.99, 76.22, 110.47 (d, 
J = 8.2 Hz), 112.08 (d, J = 24.6 Hz), 116.12 (d, J = 22.8 Hz), 127.23, 127.69, 128.41, 
128.55, 128.78, 128.97, 131.01 (d, J = 6.4 Hz), 135.03 (d, J = 10.9 Hz), 138.64, 
139.42, 159.28 (d, J = 240.5 Hz), 164.16, 176.28; HRMS (ESI) m/z calcd for 
C25H20FNO4 [M+Na]+ = 440.1269, found = 440.1260; The ee value was 92%, tR 
(minor) = 8.3 min, tR (major) = 11.0 min (Chiralcel IC-H, λ = 254 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 








A white solid; [α]25D = -38.7 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.12 (br, 
1H), 4.55 (d, J = 16.4 Hz, 1H), 4.86 (d, J = 15.8 Hz, 1H), 4.95 (d, J = 12.0 Hz, 1H), 
5.12 (d, J = 12.0 Hz, 1H), 6.52 (s, 1H), 6.53 (d, J = 5.1 Hz, 1H), 6.70 (s, 1H), 
7.15-7.19 (m, 4H), 7.29-7.37 (m, 8H); 13C NMR (125 MHz, CDCl3) δ 43.92, 67.00, 
76.00, 110.81, 124.39, 127.22, 127.72, 128.40, 128.42, 128.56, 128.79, 129.02, 
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129.82, 131.07, 134.93, 138.55, 142.07, 164.08, 176.08; HRMS (ESI) m/z calcd for 
C25H20ClNO4 [M+Na]+ = 456.0973, found = 456.0978; The ee value was 91%, tR 
(minor) = 18.8 min, tR (major) = 29.1 min (Chiralcel IC-H, λ = 254 nm, 10% 
i-PrOH/hexanes, flow rate = 1.0 mL/min) 
(R)-benzyl 2-(1-benzyl-5-bromo-3-hydroxy-2-oxoindolin-3-yl)acrylate 8-7l 
 
A white solid; [α]25D = -22.3 (c 1.00, CHCl3); 1H NMR (500 MHz，CDCl3) δ 3.62 (br, 
1H), 4.53 (d, J = 15.8 Hz, 1H), 4.85 (d, J = 15.8 Hz, 1H), 4.94 (d, J = 12.0 Hz, 1H), 
5.09 (d, J = 12.6 Hz, 1H), 6.47 (d, J = 8.2 Hz, 1H), 6.49 (s, 1H), 6.69 (s, 1H), 
7.14-7.16 (m, 2H), 7.28-7.33 (m, 8H), 7.34 (d, J = 3.2 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 43.93, 67.07, 75.97, 111.31, 115.63, 127.20, 127.24, 127.28, 127.79, 128.40, 
128.43, 128.59, 128.84, 128.89, 131.25, 132.84, 134.96, 138.59, 142.68, 164.11, 
175.80; HRMS (ESI) m/z calcd for C25H2079BrNO4 [M+Na]+ = 500.0468, found = 
500.0460; C25H2081BrNO4 [M+Na]+ = 502.0463, found = 502.0439; The ee value was 
94%, tR (minor) = 9.5 min, tR (major) = 13.1 min (Chiralcel IC-H, λ = 254 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min) 
(R)-Benzyl 2-(1-benzyl-3-hydroxy-5-nitro-2-oxoindolin-3-yl)acrylate 8-7m 
 
A white solid; [α]25D = -48.6 (c 0.80, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.67 (br, 
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1H), 4.66 (d, J = 15.8 Hz, 1H), 4.92 (d, J = 15.8 Hz, 1H), 4.93 (d, J = 12.6 Hz, 1H), 
5.10 (d, J = 16.0 Hz, 1H), 6.59 (s, 1H), 6.68 (d, J = 8.8 Hz, 1H), 6.76 (s, 1H), 
7.16-7.17 (m, 2H), 7.30-7.36 (m, 8H), 8.03 (d, J = 2.5 Hz, 1H), 8.13 (dd, J = 1.9 Hz, 
8.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 44.27, 67.17, 75.40, 109.70, 119.70, 
126.93, 127.25, 128.08, 128.45, 128.57, 128.60, 128.99, 129.53, 130.51, 134.32, 
134.80, 138.17, 143.60, 149.28, 163.94, 176.60; HRMS (IT-TOF) m/z calcd for 
C25H20N2O6 [M+Na]+ = 467.1214, found = 467.1215; The ee value was 85%, tR 
(minor) = 15.4 min, tR (major) = 18.8 min (Chiralcel IC-H, λ = 254 nm, 20% 
i-PrOH/hexanes, flow rate = 1.0 mL/min). 







A white solid; [α]25D = -27.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 2.28 (s, 
3H), 3.72 (br, 1H), 4.55 (d, J = 15.8 Hz, 1H), 4.86 (d, J = 15.8 Hz, 1H), 4.95 (d, J = 
12.0 Hz, 1H), 5.10 (d, J = 12.0 Hz, 1H), 6.50 (s, 1H), 6.53 (d, J = 8.2 Hz, 1H), 6.69 (s, 
1H), 7.01 (d, J = 8.8 Hz, 2H), 7.15-7.17 (m, 2H), 7.25-7.35 (m, 8H); 13C NMR (125 
MHz, CDCl3) δ 20.94, 43.81, 66.87, 76.29, 109.60, 124.65, 127.27, 127.52, 128.29, 
128.35, 128.40, 128.49, 128.69, 129.26, 130.29, 132.63, 135.12, 135.54, 139.07, 
141.14, 164.38, 176.24; HRMS (ESI) m/z calcd for C26H23NO4 [M+Na]+ = 436.1519, 
found = 436.1518; The ee value was 92%, tR (minor) = 15.4 min, tR (major) = 22.5 
min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, flow rate = 1.0 mL/min). 
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(R)-Benzyl 2-(1-benzyl-3-hydroxy-5-methoxy-2-oxoindolin-3-yl)acrylate 8-7o 
 
A white solid; [α]25D = -25.6 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 3.70 (s, 
3H), 3.98 (br, 1H), 4.50 (d, J = 15.8 Hz, 1H), 4.83 (d, J = 15.8 Hz, 1H), 4.93 (d, J = 
12.6 Hz, 1H), 5.07 (d, J = 12.0 Hz, 1H), 6.48 (s, 1H), 6.51 (d, J = 8.2 Hz, 1H), 6.65 (s, 
1H), 6.70 (dd, J = 2.6 Hz, 8.2 Hz, 1H), 6.79 (d, J = 2.6 Hz, 1H), 7.13-7.15 (m, 2H), 
7.24-7.33 (m, 8H); 13C NMR (125 MHz, CDCl3) δ 43.92, 55.77, 66.93, 76.56, 110.41, 
110.93, 114.68, 127.32, 127.58, 128.34, 128.41, 128.54, 128.60, 128.75, 130.60, 
135.16, 135.56, 136.90, 139.02, 156.24, 164.38, 176.19; HRMS (ESI) m/z calcd for 
C26H23NO5 [M+Na]+ = 452.1468, found = 452.1461; The ee value was 91%, tR (minor) 
= 18.4 min, tR (major) = 22.8 min (Chiralcel IC-H, λ = 254 nm, 20% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
(R)-benzyl 2-(1-benzyl-3-hydroxy-5,7-dimethyl-2-oxoindolin-3-yl)acrylate 8-7p 
 
A white solid; [α]25D = -53.0 (c 1.00, CHCl3); 1H NMR (500 MHz, CDCl3) δ 2.10 (s, 
3H), 2.23 (s, 3H), 3.68 (br, 1H), 4.73 (d, J = 17.0 Hz, 1H), 4.99 (d, J = 12.6 Hz, 1H), 
5.09 (d, J = 17.0 Hz, 1H), 5.10 (d, J = 12.0 Hz, 1H), 6.49 (s, 1H), 6.68 (s, 1H), 6.77 (s, 
1H), 6.86 (s, 1H), 7.16-7.18 (m, 2H), 7.21-7.23 (m, 3H), 7.27-7.30 (m, 2H), 7.33-7.34 
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(m, 3H); 13C NMR (125 MHz, CDCl3) δ 18.43, 20.61, 45.05, 66.91, 75.65, 120.10, 
122.55, 125.75, 127.05, 128.30, 128.32, 128.52, 128.75, 129.78, 129.97, 132.66, 
134.51, 135.15, 137.48, 139.12, 139.29, 164.42, 177.40; HRMS (ESI) m/z calcd for 
C27H25NO4 [M+Na]+ = 450.1676, found = 450.1668; The ee value was 95%, tR (minor) 
= 13.3 min, tR (major) = 24.6 min (Chiralcel IC-H, λ = 254 nm, 30% i-PrOH/hexanes, 
flow rate = 1.0 mL/min). 
8.4.4 X-Ray Crystallographic Analysis and Determination of Configurations of 
MBH Adducts 
The absolute configuration of the product 8-7h (R) was assigned by X-ray 
crystallographic analysis of a single crystal of 8-7h (Figure 8.4). The configurations 
of other MBH products were assigned by analogy. 
 
Figure 8.4 X-ray structure of 8-7h 
Table 8.5 Crystal Data and Structure Refinement for A398. 
Identification code  a398 
Empirical formula  C25 H20 Cl N O4 
Formula weight  433.87 
Temperature  100(2) K 
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Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 8.6429(12) Å = 90°. 
 b = 27.752(4) Å =107.440(4)°. 
 c = 9.2865(14) Å  = 90°. 
Volume 2125.0(5) Å3 
Z 4 
Density (calculated) 1.356 Mg/m3 
Absorption coefficient 0.212 mm-1 
F(000) 904 
Crystal size 0.40 x 0.36 x 0.20 mm3 
Theta range for data collection 2.41 to 27.50°. 
Index ranges -10<=h<=11, -26<=k<=36, -12<=l<=12 
Reflections collected 15152 
Independent reflections 7526 [R(int) = 0.0464] 
Completeness to theta = 27.50° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9588 and 0.9199 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7526 / 17 / 525 
Goodness-of-fit on F2 1.053 
PHD DISSERTATION 2012                                ZHONG FANGRUI 
- 355 - 
 
Final R indices [I>2sigma(I)] R1 = 0.0592, wR2 = 0.1310 
R indices (all data) R1 = 0.0710, wR2 = 0.1392 
Absolute structure parameter 0.05(7) 
Largest diff. peak and hole 0.368 and -0.265 e.Å-3 
 
